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ABSTRACT 

The  effects  produced  by  the  introduction  of  exogenous  citrate  in  a  neu¬ 
tralized  rinsing  fluid  into  the  peritoneal  cavities  of  nephrectomized  and  para- 
thyroidectomized-nephrectoniized  male  rats  were  followed  through  the  tech¬ 
nique  of  peritoneal  lavage.  Both  groups  of  animals  showed  progressive  increases 
in  wash  calcium  when  as  little  as  15  to  25  mg.  of  citric  acid  were  atlded  per  100 
ml.  of  rinsing  fluid.  Peritoneal  equilibration  for  one  and  one-half  hours  instead  of 
one  hour  increased  the  amounts  of  calcium  removed  in  the  wash.  Parathyroid- 
ectomized  rats  given  the  same  amounts  of  citrate  as  control  rats  showed  lower 
total  wash  ealcium  values;  however,  the  increases  in  both  groups  were  relative 
when  comjiared  to  their  citrate-free  rinse  values. 

The  addition  of  citric  acid  did  not  appreciably  alter  the  amount  of  radio¬ 
calcium  removed  in  the  wash  when  the  radioactivity  was  administered  within 
twentj'-four  hours  of  the  start  of  the  lavage.  Therefore,  because  of  the  increase' 
in  the  total  calcium  remove'd,  the  specific  activity  of  the  radiocalcium  in  the 
jx'ritoneal  wash  fell  markenllj’  following  the  citric  aciel  administration.  These' 
experiments  are  interprete'd  as  showing  that  citric  aciel  mobilize's  calcium  from 
the  eleep  areas  of  bone,  as  eloe's  the  heermone  of  the  parathyreeiels,  and  not  freem 
the)se  are'as  which  are  in  close  contact  with  the  extracellular  fluiel  e'ompartments. 

No  explanation  of  this  phenomenon  can  be'  given  as  yet. 

IT  HAS  become  increasingly  evident  during  the  pa.st  few  years  that  citric 
acid  is  involved,  and  may  play  an  important  role  in  bone  metabolism. 
Ev’en  before  Dickens  (1)  discovered  large  amount.s  of  citrate  in  the  bone, 
evidence  for  a  complex  formation  had  been  found  by  Shear  and  Kramer 
(2),  and  Kuyper  (3)  shovv^ed  experimentally  that  an  actual  complex  of  cal¬ 
cium  phosphate  and  citrate  could  be  formed  such  as  might  exist  in  bone. 

Parallel  changes  in  calcium  and  citrate  of  blood  and  urine  were  shown 
to  occur  when  either  citrate  or  calcium  was  injected  into  experimental  ani¬ 
mals  (4,  o,  and  6).  Fluoroacetate,  known  to  cause  the  buildup  of  endoge- 
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nous  citric  acid,  also  caused  parallel  increases  in  serum  calcium  (7). 

Since  it  has  been  established  that  one  of  the  actions  of  the  parathyroii 
hormone  is  that  of  calcium  mobilization,  with  bone  as  its  primary  targe 
(8),  it  is  not  surprising  that  Alwall  (9),  L’Heureux  and  Roth  (10),  am! 
Elliott  and  Freeman  (11)  found  that  the  injection  of  parathyroid  extrac 
into  various  experimental  animals  produced  increases  in  serum  citrate,  a 
well  as  serum  calcium. 

Dixon  and  Perkins  (12)  demonstrated  three  enzymes  of  the  citric  acid 
cycle  in  bone,  indicating  the  presence  of  a  possible  mechanism  for  the  pro 
duction  of  citric  acid.  Carlsson  et  al.  (13)  recently  showed  that  citric  acid 
may  be  produced  in  bone  under  the  influence  of  vitamin  D.  Neuman  et  al. 
(14)  explained  the  mechanism  of  parathyroid  hormone  on  bone  by  propos¬ 
ing  the  production  of  citric  acid  in  response  to  parathyroid  activity.  The.\ 
suggested  that  the  citrate  transported  complexed  calcium  to  the  serum 
where  other  tissues  such  as  the  kidney  released  the  calcium  by  oxidizing 
the  citrate  off  the  complex. 

Previous  reports  (15,  16)  from  this  laboratorj'  have  shown  that  parallel 
changes  in  calcium  and  citrate  levels  occurred  in  the  extracellular  fluid  a> 
studied  by  analysis  of  peritoneal  wash  in  rats.  The  introduction  of  exoge¬ 
nous  citrate  in  the  rinsing  fluid  of  parathyroidectomized  rats  was  found  to 
increase  the  calcium  level  of  the  equilibrated  wash;  however,  these  in¬ 
creases  were  less  than  those  obtained  when  similar  levels  of  citrate  were 
added  to  the  rinsing  fluid  in  normal  and  nephrectomized  rats. 

The  present  experiments  employed  a  technique  using  continuous  peri¬ 
toneal  lavage,  smaller  amounts  of  exogenous  citric  acid,  longer  periods  of 
equilibration  of  the  rinsing  fluid,  and  radioactiv'e  calcium.  By  these  studie- 
it  was  hoped  that  further  information  could  be  gained  regarding  parathy¬ 
roid-citrate  relationships  and  their  effects  on  calcium  metabolism. 

METHODS  AXD  MATERI.\LS 

Male  ttoltzmaii  rats  weighing  from  215-265  gm.  were  us(*d  in  these  experiments: 
however,  for  any  one  experiment,  the  weight  range  was  restricted  to  25  gm.  The  animals 
were  maintained  on  a  calcium  deficient  diet  (18)  three  days  prior  to  use.  Nephrectomy 
was  performed  through  a  ventral  midline  incision.  Parathyroidectomy  involv(‘d  in¬ 
dividual  remov’al  of  the  glands.  These  operations  were  done  under  ether  anesthesia  2^ 
hours  prior  to  use.  Immediately  before  rinsing,  a  peritoneal  plug  made  from  the  speci¬ 
fications  of  Talmage  et  al.  (17)  was  stitched  into  the  inguinal  canal.  The  animals  wen 
kept  under  light  nembutal  anesthesia  throughout  the  rinsing  periods.  Iladioactivi 
calcium  was  injected  intraperitoneally  at  times  as  indicated  in  the  various  experiments. 
The  amount  of  Ca‘*  administered  varied  from  10  to  .50  nc  but  was  constant  for  all 
animals  in  any  one  experiment. 

The  peritoneal  rinsing  fluid  was  a  calcium-  and  phosphate-free  medium  containing 
0.84%  NaCl  and  1.5%  dextrose.  To  this,  citric  acid,  in  amounts  as  specified  in  the  dif¬ 
ferent  experiments,  was  added,  and  the  rinse  adjusted  to  pH  of  7.4.  For  peritoneal  lavage. 
30  ml.  of  rinsing  fluid  was  placed  in  each  animal  and  immediab'ly  removed.  .V  second  30 
ml.  was  placed  in  the  cavity  and  allowed  to  equilibrate  for  either  1  or  1  ^  hours  before 
removal.  P^or  the  sake  of  clarity,  the  word  “rinse”  is  used  to  refer  to  the  fluid  placed  in 
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til  animal;  the  word  “wash,”  to  refer  to  the  fluid  removed  from  the  peritoneal  cavity 
af  r  equilibration. 

Calcium  and  citric  acid  analyses  were  made  on  the  wash  after  removal  by  methods 
pi  viously  described  (16,  18).  Determinations  of  were  made  directly  on  dried  aliquots 
of  he  wash  solution  using  a  flow  counter,  and  corrected  for  self-absorption.  To  facilitate 
(1<  lonstration  of  changes  from  the  control  condition,  the  average  radioactivity  value 
ol  fhe  first  wash  of  the  group  of  rats  in  each  experiment  which  were  nephrectomized 
oi  y  was  set  at  1000.  The  individual  values  obtained  for  all  washes  of  all  animals  in 
tl  ;t  experiment  were  then  multiplied  by  the  factor  needed  to  correct  the  control  value 
t(  1000.  Specific  activit}’,  as  used  in  this  report,  is  defined  as  the  amount  of  Ca^Vnil. 
Oi  wash  divided  by  the  mg.  of  calcium  present  in  the  same  volume. 

RESULTS 

The  results  are  presented  below,  divided  into  two  series  of  experiments. 
Tlie  first  group  of  experiments  was  concerned  with  the  quantities  of  stal)le 
(•  ilcium  removed  from  the  bone  by  the  addition  of  small  amounts  of  citric 
ar  id  to  the  lavage  rin.se.  The  second  series  dealt  with  the  effect  of  exogenous 
c;tric  acid  on  the  removal  of  radiocalcium  from  bone. 

A.  Effects  of  citric  acid  on  the  calcium  removed  by  continuous  peritoneal 
lavage 

1.  Experiments  utilizing  a  lavage  rinse  containing  15  mg.  citric  acid 
j)(‘r  100  ml.  and  a  rin.se  equilibration  time  of  one  and  one-lialf  hours; 

For  the.se  experiments  the  fir.st  wash  was  citrate-free,  and  served  as  a 
( ontrol  period.  Calcium  and  citrate  levels  after  equilibration  are  tabulated 
in  Table  1.  Due  to  dilution  and  metabolic  breakdown  of  citric  acid,  the 
ii mount  of  citrate  remaining  in  the  wash  at  the  end  of  each  equilibration 
period  was  within  the  phj  .siological  range  for  this  acid.  However,  it  can  be 
seen  that  even  at  this  low  level  of  exogenous  citric  acid  admini.stration,  the 
amount  of  calcium  in  the  wash  was  significantly  increa.sed.  While  the 
amount  of  calcium  removed  in  each  period  was  lower  in  the  parathyroid- 
cctomized  than  in  the  control  rats,  the  calcium  of  both  groups  showed  the 
same  ratio  of  increase  when  compared  to  values  obtained  in  these  groups 
after  equilibration  with  citrate-free  rin.se. 

2.  Experiments  utilizing  a  lavage  rinse  containing  25  mg.  of  citric  acid 
per  100  ml.  and  a  rinse  equilibration  time  of  one  hour: 

The  u.se  of  this  concentration  of  the  acid  in  a  lavage  rinse  which  was  al¬ 
lowed  to  equilibrate  for  only  one  hour  had  been  previously  reported  (16) 
'o  have  no  effect  on  the  calcium  concentration  of  the  equilibrated  wash. 
However,  the  earlier  experiments  were  done  with  the  five  wash  periods 
paced  over  a  period  of  two  days,  in  contrast  to  these  studies  utilizing  a 
continuous  peritoneal  lavage  cov'ering  a  period  of  eight  hours.  By  these  im- 
)roved  methods,  significant  increases  in  calcium  in  both  the  control  and 
oarathyroidectomized  groups  could  be  detected  by  the  second  or  third 
(luilil)ration  period.  These  data  are  tabulated  in  Table  1. 

3.  Experiments  utilizing  a  lavage  rinse  containing  25  mg.  of  citric  acid 
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pi  •  100  ml.  and  a  rinse  e(iuilil)ration  time  of  hours; 

iMluilil^ration  in  the  peritoneal  eavity  for  an  additional  half-hour  caused 
a  i{?nifieant  increase  in  the  amount  of  calcium  removed  in  both  control 
ai  d  parathyroidectomized  animals,  and  also  a  reduction  to  physiological 
Ic  els  of  the  amount  of  citric  acid  remaining  in  the  wash.  These  data  are 
a!  o  tabulated  in  Table  1. 

B  Ejjects  of  citric  acid  on  the  radiocalciuni  removed  by  conimuous  peritoneal 
la  age 

1.  Experiments  in  which  the  radiocalcium  was  injected  18  hours  prior 
to  peritoneal  lav’age: 

P'or  all  the.se  studies  on  the  removal  of  radiocalciuni  from  bone  as  influ- 
eiiced  by  citric  acid,  equilibration  periods  of  one  and  one-half  hours  were 
u  ed,  and  citric  acid  (25  mg.  100  cc.),  when  employed,  was  added  to  all 
rinses  but  the  first.  Since  the  animals  had  been  parathyroidectomized  the 
(lay  prior  to  the  experimental  treatment,  the  calcium  levels  of  the  first 
wash,  which  was  citrate-free,  were  already  at  the  reduced  levels  previously 
reported  resulting  from  parathyroidectomy  (16).  The  calcium  levels  in 
each  successive  wash  rose  as  reported  in  the  experiments  described  above. 
The  actual  radioactivity  remov'ed  remained  essentially  unchanged  by 
either  parathyroidectomy  or  citric  acid  addition.  As  a  re.sult,  the  specific 
activities  for  both  control  and  parathyroidectomized  groups  receiving 
citrate  declined  rapidly.  The.se  changes  are  illustrated  in  Figure  1,  and  the 
(lata  from  these  experiments  are  tabulated  in  Table  2.  It  can  only  be  con¬ 
cluded  that  the  exogenous  citric  acid  did  not  take  calcium  from  those  areas 
which  contained  radiocalcium  during  the  first  twenty-four  hours  after  the 
injection  of  the  radioactivity. 

One  group  of  rats  was  rinsed  with  a  fluid  containing  a  lethal  do.se  of 
citric  acid.  One  rinse  period  was  completed  prior  to  the  death  of  the  ani¬ 
mals.  While  total  radioactivity  of  the  wash  showed  only  a  .slight  drop  (1000 
lo  800),  the  .specific  activity  declined  to  43%  of  its  citrate-free  wash  value, 
due  to  a  citrate-induced  calcium  level  of  0.6  mg.  per  100  ml. 

2.  Experiments  in  which  the  radiocalciuni  was  injected  two  hours  prior 
lo  peritoneal  lavage: 

Several  experiments  were  run  similar  to  those  described  above,  except 
t  hat  the  radioactivity  was  admini.stered  only  two  hours  prior  to  the  .starting 
of  the  continuous  lavage.  The.se  are  summarized  in  Table  3.  Becau.se  of  the 
diort  time  in  which  the  radioactivity  had  been  in  the  animals,  there  was  a 
marked  decline  in  the  amount  of  radiocalcium  remov^ed  in  .successiv’e  pe¬ 
riods  in  the  control  animals.  However,  similar  curves  of  removal  of  radioac- 
livity  were  also  seen  in  the  experimental  groups.  While  the  declines  in 
•)tal  activities  were  reflected  in  rapid  drops  in  the  .specific  activities  for  all 
lats,  animals  receiving  citrate  rinses  were  seen  to  drop  significantly  faster 
han  groups  receiving  no  citrate. 
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Fig.  1.  Effect  of  exogenous  citric  acid  on  specific  activity  of  Ca*^  removed  bj’  peritoneal 
lavage  (Ca*^  administered  18  hours  previous  to  lavage).  Specific  Activity  =  Counts  per 
minute  of  divided  by  ml.  Ca  X 1000.  See  Table  2  for  other  data. 


Table  2.  Effect  of  citric  acid  on  the  removal  of  Ca^®  and  Ca“ 

BY  CONTINUOUS  PERITONEAL  LAVAGE 

(Radioactivity  injected  18  hours  prior  to  lavage) 


i  Exp.  condition  1 

!  Number  \ 
\  of 

Period 

'  * 

2 

3 

4  i 

5 

>  animals 

Radioactivity  Ca“  in 

Xeph  1 

8 

I(KX)±2<) 

886  ±24 

863  ±  28  1 

862  ±28 

8.39  ±  29 

C  min.  ml.  ' 

1  Neph  &  Cit  1 

iWS  ±  43 

948  ±  37 

919  ±  40 

907  ±  38 

892  +  .34 

1  PTX-Neph 

1  PTX-Neph  & 

9 

1047  ±  97 

1068  ±  79 

1060  ±  93 

,  1045  ±70 

1 

106.3  ±  58 

Cit 

7 

1013  ±  49 

973  ±41 

984  ±47 

1011  ±39 

99.3  ±  42 

Specific  .\ctivity  in 

1  Neph 

8 

207  ±  4 

188±  7 

173  ±  6 

179  ±  5 

173  ±  6 

C  /  min.  Ca“.  mg.  Ca 

1  Neph  &  Cit  , 

7 

213  ±  5 

177  ±  8 

151  ±  4 

128  ±  5 

113±  6 

'  PT.X-Neph 
PTX-Neph  & 

9 

342  ±18  : 

333  ±21 

3.30  ±  23 

312  ±24 

307  ±17 

1  Cit 

7 

301  ±14 

235  ±  9 

214±  9 

186±11 

166±  7 

Total  Calcium, 

Neph 

1  8 

1  4.8±  .16  1 

4.7±  .13 

5.0±  .18 

,  4.8±1.5 

i  4.8+.18 

mg.  Ca  nil.  XlOO  1 

1  Neph  &  Cit 

7 

1  4.6+  .13 

5.4±  .19 

6.1±  .21 

1  7.1  ±.24 

1  7.9±.27 

!  PTX-Neph 
PTX-Neph  & 

9 

i  3.0±  .11 

3.2±  .16 

3.2±.14 

•  3.3±  .16 

3.5±.18 

1 

1  Cit 

1  7 

3.3±  .13 

4.1±  .17 

1  4.6±.20 

1  5.4±.22 

1  6.0±.23 

Notes:  1)  Citric  arid  (25  mg./lOO  ml.)  added  to  rinse  beKinning  with  second  lavaite  period. 

2)  Radioactivity  removed  in  the  first  wash  of  nephrectomised  control  group  set  at  KXM).  .\ll  other  values 
adjusted  to  this  standard. 


3)  Values  given  with  standard  error  »  ±  4  / - • 

'  n(n— 1) 
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Tabi,e  3.  Effect  of  citric  acid  on  the  removal  of  Ca”  by 

CONTINUOrS  PERITONEAL  LAVAOE 
(Radioactivity  injected  two  hours  prior  to  rinsing) 


Exp.  condition 

Number 

of 

animals 

Period 

1 

3 

4 

5 

idioautivity  Ca*^  in 

Neph 

5 

1000  ±  .30 

676  ±  34 

596  +  37 

540  ±29 

447  +  22 

C/inin.  C'a*’  ml. 

N’eph  &  Cit 

5 

01)6  ±  32 

740  ±  38 

638  ±26 

554  ±  29 

463  +  24 

PTX-Neph 

4 

I0I.3±42 

726  ±36 

575  ±42 

519  ±27 

461  ±  24 

I’TX-Neph  &  Cit 

4 

1048  ±  29 

704  ±  34 

591  ±  31 

507  ±  28 

433  ±  30 

lecific  Activity 

Neph 

5 

217  ±  5 

II9±  6 

II7±  6 

106+  7 

96+  4 

C  min.  C'a^’  ing.  Ca. 

Neph  &  Cit 

5 

226  ±  9 

134  ±  7 

91  ±  7 

76  ±  5 

61  ±  5 

I’TX-Neph 

4 

307 ±  II 

220  ±  8 

165  ±  7 

144  ±  5 

128  ±  6 

I’TX-Neph  &  Cit 

4 

318+  13 

I.'ietlO 

123  ±  6 

89  ±  7 

73  ±  6 

Sote8:  1)  ('itric  acid  (25  iiig..  1(M)  ml.)  added  to  rinse  tn'^inninR  with  second  lavage  pi^riod. 

2)  Radioactivity  removed  in  the  first  wash  of  nephrectomized  control  group  set  at  ItKH).  All  other  values 
adjusted  to  this  standard. 


3)  Values  given  with  standard  error  =  ± 


21  d‘ 
n(n-I) 


DISCUSSION 

Tliese  studies  are  considered  as  additional  evidence  of  the  close  relation¬ 
ship  of  citric  acid,  parathyroid  hormone  and  calcium  metaliolism.  They 
dearly  demonstrate  that  near-physiological  levels  of  citric  acid  adminis- 
Icred  by  peritoneal  lavage  are  capable  of  mobilizing  calcium  both  in  the 
piesence  and  absence  of  endogenous  secretion  of  parathyroid  hormone, 
riiat  this  mobilization  is  from  bone,  and  not  from  extra-osseous  sources  of 
calcium,  is  indicated  by  the  results  showing  that  the  calcium  is  taken  from 
areas  which  are  not  in  equilibrium  with  recently  injected  radiocalcium.  It 
seems  of  interest,  also,  that  these  raised  levels  of  calcium  were  achieved 
and  maintained  after  the  citric  acid  levels  had  fallen  to  within  normal  phys¬ 
iological  ranges. 

Recent  work  from  this  laboratory  (18)  has  suggested  that  endogenous 
parathyroid  hormone  mobilizes  calcium  from  the  deeper  areas  of  bone, 
namelv,  those  areas  which  do  not  come  into  contact  with  radiocalcium  dur- 
ing  the  first  twenty-four  hours  after  its  administration.  The  mobilization  of 
calcium  by  exogenous  citric  acid  from  the  same  areas  of  bone  is  indicated 
iiy  these  experiments.  This  study,  therefore,  points  again  to  the  relation¬ 
ship  of  the  parathyroids  and  citric  acid,  but  it  also  raises  the  question  as 
lo  why  the  acid  is  unable  to  take  calcium  from  those  areas  in  closer  contact 
with  the  extracellular  fluid  media.  One  would  be  tempted  to  suggest  that 
citric  acid  must  be  carried  to  areas  of  bone  where  it  becomes  a  part  of  an 
undetermined  metabolic  sequence  through  which  it  mobilizes  calcium. 
Vhile  calcium  can  be  removed  in  the  absence  of  the  hormone  of  the  para- 
hyroids,  the  acid  does  not  by  any  means  completely  replace  the  hormone, 
uggesting  that  both  work  through  a  more  complex  metabolic  process.  It 
s  hoped  that  further  study  will  help  elucidate  these  points.  Thus,  more 
vidence  has  been  presented  which  indicates  that  citric  acid  or  some  sim- 
lar  acid  may  be  the  agent  in  bone  under  the  control  of  the  parathyroid 
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liorinoiie  which  is  normally  involved  in  the  metabolic  processes  causing  i  - 
absorption  of  calcium  from  bone. 
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AliSTRAC'T 

'I'his  report  is  a  study  of  the  relative  removal  of  radioealcium  and  stable 
calcium  by  continuous  peritoneal  lavage  in  the  rat,  as  influenced  by  the 
hormone  of  the  i)arathyroids.  The  lavage  procedure  involved  the  use  of  male 
rats  weighing  between  225  and  275  gm.  which  had  been  maintained  48  hours 
on  a  calcium  free  diet  and  had  been  nephrectomized  24  hours  before  experimen¬ 
tal  use.  Parathyroidectomy  was  performed  without  interruption  of  the  lavage 
procedure.  The  results  indicated  that  if  the  radioealcium  was  injected  into  the 
animals  less  than  24  hours  before  the  lavage  treatment,  the  radioactivity  re¬ 
moved  by  this  method  was  not  aflfectc'd  by  parathyroidectomy.  This  was  in 
spite  of  the  fact  that  the  operation  caused  an  immediate  drop  in  the  total 
calcium  concentrations  of  the  lavage  washes.  If,  however,  the  radioealcium 
was  inject('d  two  to  three  we<‘ks  before  the  continuous  lavage  was  performed, 
the  radioealcium  comauitrations  of  the  wash  parallel  those  of  the  stable  calcium, 
both  falling  after  parathyroidectomy. 

These  data  are  construed  to  indicate*  that  a  basic  equilibrium  exists  between 
the  extracellular  spaces  and  those  portions  of  the  bone  with  which  the  fluid  is 
in  ready  contact,  and  that  this  equilibrium  maintains  the  constant  low  con¬ 
centration  of  calcium  in  the  fluid  spaces.  It  is  further  postulated  that,  in 
addition  to  this  basic  equilibrium,  parathyroid  hormone  supplies  calcium  to  the 
fluid  spaces  from  areas  of  bone  that  are  not  in  immediate  contact  with  the  sur¬ 
rounding  fluid  media,  and  that  this  is  done  through  metabolic  i)rocesses  in  bone 
cells  which  enables  calcium  to  be  dissolved  in  concentrations  grt'ater  than  the 
solubility  of  apatite  crystals. 

The  ability  of  i)one  to  .supply  calcium  continuously  to  the  extracellular 
spaces  has  been  studied  recently  by  Copp  (1)  and  noted  in  reports 
from  this  laboratory  (2,  3).  Earlier,  McLean  and  Urist  (4)  had  .suggested 
that  the  action  of  parathyroid  hormone  on  bone  was  on  the  order  of  a 
■  feed-back”  mechanism.  In  their  concept,  the  hormone,  through  its  con- 
t.'ol  on  bone  dis.solution,  was  able  to  raise  blood  calcium  concentrations 
ii)ove  the  l)asic  level  maintained  in  its  absence.  Work  from  this  laboratory 
3)  has  shown,  by  the  u.se  of  continuous  peritoneal  lavage,  that  bone  is  ca- 
i^;il)le  of  immediately  supplying  large  amounts  of  calciumtotheextracellular 
paces  both  in  the  intact  and  the  parathyroidectomized  rat.  However,  the 
<  (piilibration  levels  in  the  peritoneal  wash  of  the  operated  animal  was  ap- 

Itcccivcd  .July  8,  1957. 

'  .tided  ill  part  by  a  grant  frum  the  .ttomic  lOiiergy  Commission.  Some  of  these  results 
re  reported  at  the  I’NESCO  Conference  on  the  Cse  of  Radioisotopes  in  Scientific 
■i'  search,  Paris,  Si'ptember,  19,57. 
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proximately  two-thirds  that  of  its  parathyroid-intact  control.  It  was  si  s- 
gested  that  the  l^asic  ability  of  bone  to  supply  calcium  might  be  primai  ly 
a  physical  process,  while  the  higher  levels  maintained  by  the  parathyrc.  ds 
were  accomplished  through  the  aid  of  citric  acid  production  by  bone  (cll 
components.  The  connection  of  citric  acid  to  the  function  of  the  parati.y- 
roids  has  been  stressed  recently  in  reports  by  Freeman  and  Elliott  (.5,  ii), 
Neuman  et  al.  (7)  and  by  Elliott  and  Talmage  (8,  9). 

The  present  studies  were  carried  out  with  the  hope  that,  through  the  use 
of  radiocalcium,  further  differences  between  the  proce.sses  by  which  boiie 
relea.sed  calcium,  in  the  presence  and  absence  of  the  parathyroids,  could  be 
elucidated.  Comar,  in  a  series  of  papers  utilizing  both  laboratory  and  farm 
animals  (10),  has  followed  the  incorporation  of  both  radiocalcium  and 
radiophosphorus  into  long  bone  from  its  immediate  deposition  or  chemical 
exchange  into  the  subepiphy.seal  and  periosteal  regions  to  its  gradual  incor¬ 
poration  into  the  deeper  bone  trabeculae  by  the  process  of  bone  remodel¬ 
ling.  Based  on  this  progre.ssive  change  in  the  distribution  of  radioactivity 
over  a  period  of  time,  the  following  studies  were  carried  out  by  utilizing  the 
technique  of  peritoneal  lav’age  in  animals  to  which  radiocalcium  had  b(*en 
administered  either  between  twelve  and  twenty-four  hours  or  three  weeks 
prior  to  their  experimental  use.  The.se  experiments  .suggest  that  Imne  util¬ 
izes  two  different  mechanisms  in  supplying  calcium  to  extracellular  com¬ 
partments  and  indicate  that  under  different  physiological  conditions  cal¬ 
cium  is  withdrawn  from  different  localities  in  the  bone. 

MATERIALS  AND  METHODS 

Male  Holtzman  rats,  weighing  between  225  and  275  gm.,  were  used  in  these  experi¬ 
ments.  Peritoneal  lavage  was  aeeomirlished  by  indwelling  inguinal  catheters  as  pre- 
viousb'  described  (3,  11).  The  lavage  rinse  eonsisted  of  .84%  NaCl  plus  1.5%  glucose, 
maintained  at  40°  C  in  a  water  bath.  (In  the  discussions  to  follow  the  word  “rin.S(‘’’  is 
used  to  refer  to  the  fluid  ])laced  in  the  animal;  the  word  “wash”  to  refer  to  the  fluid 
removed  from  the  peritoneal  cavity.)  The  animals  were  kept  under  light  nemhiital 
anesthesia  throughout  the  experimental  period.  This  was  administered  with  the  rinse 
solution  in  amounts  averaging  2  mg.  of  sodium  pentobarbital  per  hour  per  anin  al. 
(’alcium  determinations  were  made  by  a  procedure  previously  described  (8)  involving 
precipitating  the  calcium  with  ammonium  oxalate,  redissolving  in  perchloric  acid  nikI 
reading  on  a  Beckman  flame  spectrophotometer.  Radioactive  calcium  (Ca^“)  was  id- 
ministered  in  an  es.sentially  carrier-free  form  b}'  intraperitoneal  injection.  The  anin  ds 
were  injected  with  the  isotope  either  eighteen  to  twenty-four  hours  or  two  to  tl  cc 
weeks  prior  to  their  experimental  use.  Radioactive  determinations  were  made  on  aliqe.  >ts 
of  the  wash  .solution  dried  down  in  weighed  stainless  steel  cups,  and  counted  in  an  ai.'o- 
matic  flow  count('r  with  subsequent  adjustments  for  self-absorption.  The  amount  of 
activity  injected  varied  from  10  to  50 /ac.  However,  all  animals  in  anj'  single  experim  ut 
received  identical  amounts  of  the  isotope.  For  purposes  of  this  paper,  specific  acti'.  ty 
is  defined  as  the  relative  amount  of  radioactivity  (Ca^^)  per  unit  weight  of  the  t<  d 
element  (Ca^®  plus  Ca^9  present. 

Experimental  procedure:  For  each  experiment,  the  following  basic  pattern  was  us  1: 


Ju7:  .  195S 


CALCIUM  REMOVAL  FROM  BONE 


719 


Ani  tls  previously  maintained  on  a  calcium-deficient  diet*  for  twenty-four  hours  were 
bila'  rally  nei)hrectomized.  The  morniiiK  after  nephrectomj’,  catheters  were  inserted 
thn  ilh  the  inguinal  canals,  and  the  peritoneal  lavage  commenced.  For  these  rinses, 
30  1’  .  of  the  fluid  was  i)laced  in  each  animal  and  immediately  removed.  .\  second  30  ml. 
was  laced  in  the  cavity  and  allowed  to  equilibrate  for  either  one  or  one  and  one-half 
hou  depending  upon  the  needs  of  the  e.xperiment.  The  wash  was  then  removed  for 
ana  sis.  and  an  additional  30  ml.  was  introduced  into  the  animal  for  the  succeeding 
eqii  i)ration  period.  This  procedure  was  continued  throughout  the  experiment  which 
con  't('d  of  from  5  to  8  successive  washes.  (Parathyroidectomy,  where  performed, 
was  lone  during  the  third  lavage  period  without  interruption  of  the  lavage  schedule.) 
In  t  ('ry  experiment,  both  nei)hrectomized-  and  ncphrectomized-parathyroidectomized 
rats  were  used. 

RESULTS 

Removal  of  i^ijected  18  to  24  hours  prior  to  lavage.  For  these  experi- 
meiits,  nephrectomy  was  followed  6  to  8  hours  later  by  the  injection  of 
Ca '.  Continuous  peritoneal  lavage  was  commenced  the  following  morning, 
and  parathyroidectomy  was  performed  during  the  third  lavage  period.  The 
(laia  from  the.se  experiments  are  summarized  in  Figure  1.  For  simplicity  of 
pn -entation  and  in  order  to  compare  the  various  experiments  statistically, 
tlic  radioactivity  data  were  adjusted  in  the  following  manner:  Since  each 
animal  served  as  its  own  control,  the  average  value  for  the  radioactivity  of 
the  first  wash  of  each  experiment  was  .set  at  1000.  The  actual  radioactive 
nu'asurements  determined  for  all  washes  were  then  multiplied  by  the 
factor  required  to  correct  the  first  wash  value  to  1000. 

The  changes  in  the  calcium  levels  of  the  succe.s.sive  washes  followed  the 
pattern  reported  previously  (3).  For  one  hour  equilibration  periods,  the 
control  values  averaged  .045  mg.  per  ml.  of  wash.  Following  parathyroid¬ 
ectomy,  the  calcium  values  fell  to  .033  mg.  per  ml.  and  remained  fairly  con- 
.stant  throughout  the  succe.s.sive  washes.  The  radioactivity  of  the  wash  did 
not,  however,  follow  this  pattern,  both  control  and  experimental  values 
dropped  gradually,  but  together.  As  a  result,  the  specific  activity  of  the 
radiocalcium  ro.se,  following  removal  of  the  parathyroids,  to  values  ap¬ 
proximately  1.5  times  that  of  the  control  values. 

B.  Removal  of  Ca*-'  injected  2  to  3  weeks  prior  to  lavage.  Several  experi¬ 
ments  were  also  run  in  which  the  radiocalcium  was  injected  sufficiently 
long  before  the  experimental  u.se  of  the  animals  to  permit  a  deeper  and 
more  general  penetration  of  the  radioactivity  throughout  the  bone.  The 
ai  '  umulated  data  from  the.se  experiments  are  summarized  in  Table  1.  In 
Contrast  to  the  experiments  summarized  above  in  which  parathyroidec¬ 
tomy  had  no  effect  on  the  rate  of  removal  of  radiocalcium,  in  these  experi- 
m  'its  the  radioactivity  values  diminished  in  proportion  to  the  fall  in  total 

The  composition  of  the  calcium  deficient  diet  was  as  follows;  Aljihacel — 23.9%, 
I  xtrose — 21.7%,  Sucrose — 8.7%,  Lard — 17.4%,  Wesson  Oil — 2.6%,  Cod  Liver  Oil — 
0  %,  Corn  Starch — 25.1%. 
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Fig.  1.  ElfTect  of  parathyroidpctom\-  on  tlie  removal  of  Ca^“  and  C'a^®  by  continuous 
peritoneal  lavage  (radioactivity  injected  18  hrs  prior  to  lavage). 

Each  point  on  the  graph  represents  the  average  value  of  12  animals.  Standard  Error 
was  determined  bj-  the  formula 


±  V 


n(n  -  1) 


For  the  top  two  graphs,  the  average  standard  error  was  5%  of  the  value;  for  the  bottom 
graph,  the  error  was  2%.  PTX|  indicates  the  time  parathyroidectomy  was  perfon  icd. 


calcium.  Thus,  parathyroidectomy  produced  uo  changes  in  specific  acti  >  ity 
values, 

DISCUSSIO.V 

The  interpretation  of  the.se  data  is  based  on  the  well-known  fact  ti  it, 
following  a  single  injection  of  radiocalcium,  radioactivity  is  first  cone  ii- 
trated  in  specific  areas  of  hone,  particularly  in  the  epiphyseal  regioiv  of 
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lo.  l)ones.  Only  gradually  does  the  radioactive  calcium  penetrate  into  the 
(1<  per  hone  structures.  This  is  accomplished  presumably  by  the  remodel- 
lii  processes  continuously  being  carried  on  in  the  bone,  aided  in  addition 
In  the  gradual  process  of  simple  chemical  exchange.  Therefore  it  is  a  safe 
a>  umption  that,  during  the  first  twenty-four  hours,  most  of  the  activity  is 
sti.i  concentrated  in  those  parts  of  the  bone  which  are  in  closer  contact  with 
th  fluid  media  of  the  extracellular  spaces.  If  parathyroidectomy  is  per- 
foiiiied  during  the  period,  the  radioactivity  removed  by  lavage  remained 
rci  arkably  constant  despite  the  marked  drop  in  total  calcium  concentra- 


rABI,E  1.  The  effect  of  parathyroidectomy  0\  the  REMOVAl.  OF  (V®  AND  Ca^“ 

BY  CONTIXUOrS  PERITONEAL  LAVAOE 

(Radioactivity  administered  2-3  weeks  previously) 


No. 

Total 

Specific 

of 

No.  of 

Radioactivity* 

Mg.  Ca/ml.  X  1000 

activitvt 

inimals 

wa.'shes 

(’oiilrols 

(> 

20 

1000  +  33.5 

48.5+2.0 

20.9  +  1.5 

Piiinthyroidectomized 

4 

18 

075 ± 10.4 

32.0±0.0 

21  .0±0.6 

*  For  comparative  purposes,  the  average  radioactivity  value  of  the  controls  (Ca''*  in 
c./m.  ml.)  for  each  wash  was  set  at  1000,  and  all  values  for  that  wash  adjusted  to  this  stan¬ 
dard.  Each  value  represents  the  average  of  all  washes  and  is  given  with 


t  Specific  .\ctivity 


c./m. /ml.  Ca^‘ 
mg./'mir^  TCa« ' 


lions  of  the  washes.  However,  by  leaving  the  radioactivity  in  the  animal 
■suflicienth'  long  to  allow  for  a  more  even  distribution  throughout  the  bone, 
the  removal  of  radioactivity  then  followed  closely  the  removal  of  stable 
calcium. 

'riiese  data  would  .seem  to  make  it  valid  to  conclude  that  the  basic  ability 
of  bone  to  supply  calcium  to  the  extracellular  fluid  spaces,  .such  as  is  seen 
in  the  parathyroidectomized  animal,  could  easily  be  an  equilibrium  phe¬ 
nomenon  lietween  the  fluid  compartments  and  those  portions  of  lione  with 
which  the  fluid  is  in  most  direct  contact.  As  .suggested  before  (3),  this 
e(|iiilibrium  could  be  ba.sed  primarily  on  physical  processes,  namely  the 
.solubility  of  calcium  phosphate  salts  such  as  apatite  crystals  in  isotonic 
.spline.  However,  whether  the  speed  with  which  these  ions  are  .supplied  “in 
v!\  o”  can  he  explained  entirely  on  the  basis  of  physical  dissolution  is  open 
to  considerable  question. 

On  the  other  hand,  the  site  of  action  of  the  parathyroid  must  be  on  the 
(h  f'per  bone  trabeculae,  and  not  the  most  recently  deposited  calcium.  This 
i^  indicated  by  the  observation  that  the  radiocalcium  had  not  reached  the 
ai  a  affected  by  the  parathyroids  by  the  end  of  twenty-four  hours  after  its 
inicction.  Evidence  is  accumulating  to  indicate  that  this  is  an  active  meta- 
b'  lie  process,  clo.sely  concerned  with  one  or  more  of  the  cellular  components 
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of  bones  in  a  process  which  supplies  calcium  to  the  fluid  media  in  concc  i- 
trations  greater  than  the  solubility  of  apatite  crystals  at  the  pH  of  physi  >- 
logical  media.  The  recent  reports  on  the  close  connection  of  citric  acid  a.  d 
parathyroid  function  make  it  seem  worthwhile  to  repostulate  that  it  coi.d 
easily  be  through  the  acidity  and  calcium-complexing  ability  of  citric  ar  A 
that  parathyroid  hormone  achieves  its  ability  to  maintain  and  supply  1  le 
high  levels  of  calcium  in  the  serum. 
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ABSTRACT 

Cathotorization  of  the  thyroid  voiii  and  ni('asurom('iit  of  its  PBI'^*  lovcds  have 
l»een  utilized  to  study  tlie  effect  of  ei)inei)hrine  and  nor-ei)inepluine  on  the 
release  of  thyroid  hormones  from  the  thyroid  in  dogs.  After  intravenous  ad¬ 
ministration  of  epinephrine  to  seven  dogs  and  of  nor-ej)inephrine  to  three  dogs, 
increases  in  PHI*’*  levels  from  1.5  to  17.1  times  the  control  values  were  found. 

I'hese  responses  occurred  within  15  to  95  minute's  in  all  dogs  tested.  C'ontrol 
e.\l)eriments  in  three  dogs  have  shown  that  during  a  comjearahle  exjeerimental 
|)eriod  of  four  hours,  no  significant  change  in  thyroid  venous  PBP”  concen¬ 
trations  took  place*. 

In  two  eletgs  given  thyreeiel  stiimdating  hornie)ne  (TSH)  intravenously, 
incre'ases  in  thyroid  veneeus  PBI*^*  levels  eef  IS. 9  anel  7.4  time's  the  e-eentreel  ae*- 
tivities  were  neeteel.  The*  initial  respeenses  etccurreel  within  20  minute's  afte'r 
starting  the  TSH  infusion.  In  twee  hypeejehysectomizeel  elogs,  epine'i)hrine  in¬ 
fusion  was  atteneleel  with  a  rise  in  thyroiel  veneeus  PBP’*  comparable  tee  tluit 
se'cn  in  the  intact  animal.  These  elata  woulel  inelicate  that  the  stimulating  ef- 
fe'ct  of  epinephrine  is  exerteel  elirectly  on  the  thyroiel  glanel. 

Preliminary  raeliopaperchromatograjehic  stuelies  in  eene  dog  revealeel  that  the 
increase  e)f  PBP®‘  observed  in  the  thyroiel  vein  eluring  epinephrine  stimidatieen 
was  attributable  te)  rises  in  both  thyreexine  and  triioelothyronine.  The  possible 
l)articii)ation  of  increaseel  hormonal  secretion  from  the  thyreeiel  glanel  iji  the 
acute  metabeelic  respeense  to  stress  has  be'en  eliscusseel  in  the  light  of  these  data. 

INTRODUCTION 

The  (leinoDst ration  of  3 :o:3'-L-triio(Iothyroniue  in  human  serum  (1,2) 
and  the  potent  and  rapid  phy.siologic  action  of  thi.s  substance  in  animals 
(3.  4,  5)  and  man  (ti,  7,  8,  9)  has  necessitated  a  re-appraisal  of  the  role  of 
tli('  thyroid  gland  in  the  acute  metabolic  response  of  the  body  to  stress.  Tlie 
ll'x  roid  gland  has  been  looked  upon  traditionally  as  a  .sluggishly  function- 
iin;  organ  .since  the  only  hormone  it  was  formerly  known  to  produce,  thy- 
D  xine,  requires  some  two  to  three  days  to  produce  a  mea.surable  effect  on 
oxygen  consumption  in  man  (10,  11).  Because  of  the  delayed  phy.siologic 
1'  ponse  to  thyroxine,  this  hormone  has  been  thought  to  play  an  insignifi- 
c.  d  role  in  the  acute  body  reaction  to  stre.ss.  Triiodothyronine,  on  the 

Received  July  31,  19.57. 
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other  hand,  produces  definite  metabolic  changes  in  man  within  four  t*  12 
hours  (8,  9)  and  could  conceivably  serve  as  an  “emergency”  type  of  i  ly- 
roid  hormone  released  in  times  of  stress. 

It  has  also  been  postulated  l\v  many  investigators  that  epinephrim  re¬ 
leased  from  the  adrenal  medulla  may  serv’e  as  an  important  intermediary 
in  the  body  response  to  stress  by  activating  the  anterior  pituitary  vvlhcli, 
in  turn,  results  in  increased  adrenocortical  (12,  13,  14,  15)  and  thyioid 
activity  (16,  17,  18).  For  this  reason  a  study  of  the  effect  of  epinephriiu  on 
the  release  of  thyroid  hormones  from  the  thyroid  gland  of  dogs  was  uinler- 
taken. 

Experimental  animals  were  first  administered  large  tracer  doses  of  inor¬ 
ganic  P’b  After  an  interval  of  48  to  72  hours  to  permit  labeling  of  the 
hormones  in  the  thyroid  gland,  the  effect  of  epinephrine,  nor-epinephrine 
and  thyroid  stimulating  hormone  on  the  levels  of  the  protein  bound  io- 
dine*®‘  (PBP®*)  in  the  thyroid  v’eins  of  these  animals  was  determined.  It 
was  felt  that  the  blood  taken  directly  from  the  thyroid  v’ein  before  it 
mixed  with  the  remainder  of  the  intravascular  volume  would  reflect  more 
accurately  small  changes  in  the  release  of  thyroid  hormone  than  would 
peripheral  blood  samples.  Radiopaperchromatographic  techniques  were 
utilized  in  some  studies  in  order  to  determine  which  of  the  hormones  re¬ 
leased  from  the  thyroid  gland  showed  demonstrable  changes  in  their 
secretory  levels  during  the  experimental  period.  Two  experiments  were 
also  carried  out  in  hypophysectomized  dogs  to  help  elucidate  the  pathway 
of  epinephrine  action. 

MATERIALS  AND  METHODS 

The  e.xperimental  animals  consisted  of  male  and  female  dogs  weighing  10  to  lo  kg. 
and  maintained  on  a  diet  of  low  iodine  content.  One  hundred  to  .500  microcuries  of 
carrier-free  Nal'®*  obtained  from  the  Oak  Ridge  National  Laboratories  were  injected 
intravenously  into  these  animals  approximately  48  to  72  hours  before  the  experimental 
periods. 

Surgical  Procedures 

Cannulization  of  Thyroid  Vein.  technique  for  collecting  blood  from  the  relatively 
minute  thyroid  veins  of  the  dog  was  developed.  I’nder  nembutal  anesthesia  a  midline 
incision  was  made  in  the  neck  from  the  thyroid  cartilage  down  to  several  centini'  ters 
above  the  sternum.  The  thyroi<l  lobes  ami  their  vessels  were  then  dissected  out  anti  a 
fine  j)olyethylene  catheter  »)f  O.Sti  mm.  internal  diameter  was  inserted  into  one  of  the 
inferior  or  superior  thyroid  veins.  Tin*  other  thyroid  vessels  remaimnl  undisturbeii.  ,V 
catheter  was  placed  in  the  femoral  artery  also  and  connected  to  a  mercury  manoii'  ter 
in  order  to  measure  mean  arterial  blood  pressure.  Three  mg.  of  heparin  per  kg.  \  ere 
infused  intravenously  into  each  animal  in  order  to  avoid  clotting  within  the  catlu't  ■r.f. 
To  help  maintain  blood  volume  throughout  the  experiment,  a  slow  intrav(‘iu>\is  infu  ion 
of  .5  per  cent  dextrose  in  physiological  saline  solution  was  administered. 

Hypophyseclomy.  tr;.nsbuccal  airproach  was  emirloyed  in  this  procedure.  I’l  ler 
nembutal  anesthesia  the  soft  palate  was  incised  and  the  edges  of  the  mucosa  wen  re¬ 
tracted  laterally.  The  mucoperiosteum  was  then  incised  in  the  midlim*  and  frt'cd  It  .m 
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the  I  iderlyiiiK  bom*.  a  small  dental  burr  ami  rongeurs,  an  oia'iiiiif;  was  mad**  in 

the  I  im*  between  the  int<*rs|)h(*m)id  and  the  oeeipitosphenoid  sutures.  The  dura  was 
then  'i)cned,  and  the  pituitary  sland  removed  in  toto.  The  incisions  v.t>re  elosed  and  tin* 
animals  were  given  prophylactic  |)enicillin  (300,000  unit.s)  and  streptomycin  (0.5  gram). 

0  completion  of  tin*  entin*  **xperiment,  the  animals  were  sacrificed  and  the  tissm*  in 
the  rt  nit  ary  fossa  was  (*arefully  removed  to  curette  for  histological  study.  Xo  visibh* 
pitui  try  cells  were  found  in  either  of  the  two  animals  utiliz***!  in  this  study,  and  both 
were  hereforc*  consider***!  t*)  h.-ive  Inid  total  hyj)*)phys****t*)mies. 

Expi  imentat  Procedures 

T  i(*  effect  of  ejiinephrine,  nor-epinephrine  and  thyroid  stimulating  hormone  on  the 
PB1‘ '  plasma  levels  was  investigated.  .\t  intervals  of  10  to  30  minutes  during  the 
eont:ol  and  experimental  infusion  periods,  and  for  30  to  200  minutes  after  infusion, 
seria'  samples  of  blood  (5  ml.)  were  collected  in  potassium  oxalate  tubes  from  the  in- 
*hvelling  catheters  of  the  femoral  artery  and  thyroid  vein.  .\  total  of  20  to  30  blood 
samples  was  usually  *lrawn.  The  duration  of  the  control  period  varied  from  (50  to  120 
minutes,  after  which  the  substance  under  study  was  introduced  into  the  saphenous  vein. 

Ki)inephrine  was  administere*!  in  a  5%  dextrose-in-saline  solution  to  seven  dogs  and 
was  given  at  a  rate  sufticient  to  raise  the  mean  blood  pressure  about  .30  mm.  of  mercury. 
This  was  maintained  for  a  period  of  00  to  210  minutes.  Xor-epinephrine  was  adminis¬ 
tere*!  in  a  similar  manner  to  three  dogs  for  140  to  195  minutes.  The  rise  in  blood  pressure 
was  again  used  as  a  guide  for  the  rate  of  infusion.  The  actual  quantities  of  the  two 
*hugs  administered  varied  from  one  to  three  micrograms  per  kg.  i)er  minute,  with  mean 
t*ital  doses  of  api)roximately  130  to  400  /ig.  per  kg.  to  each  dog.  Ten  to  20  units  of  thy¬ 
roid  stimulating  hormone  (Thytropar  .Vi  mour*')  in  100  ml.  of  physiologic  .saline  solution 
wen*  given  intravenously  to  two  dogs  during  a  perio*l  of  65  minutes. 

Three  control  experiments  were  carried  out  by  collecting  samples  from  the  thyroid 
vein  and  femoral  artery  for  1.50  to  240  minutes  under  circumstances  identical  with  the 
**xp*  rimental  conditions,  excei)t  for  the  omission  of  the  test  substances  from  the  5% 
*lexti*)se-in-saline  infusion. 

*  .\*l*litional  experiments  to  investigate  the  pathway  of  eijinephrine  action  were 
earri***!  out  on  two  hypophyseetomized  dogs.  In  these  animals  the  tracer  doses  of 
ha*l  lH*en  administered  24  to  48  hours  prior  to  pituitary  ablation  to  allow  for  intrathyroi*! 
lah(*ling  of  thyroid  hormones.  The  conditions  of  these  experiments  were  otherwise  iden¬ 
tical  t*)  thok*  employed  in  the  epinephrine  studies  on  the  intact  animals.  .Approximately 
24  h*)urs  after  hypophysectomy  equivalent  doses  of  epinephrine  were  administered 
*)V(*i  i)eriods  of  110  and  145  minutes,  and  the  usual  samples  were  collected  from  the 
thyroi*!  vein  and  the  femoral  artery.  Hypophysectomy  effectively  prevents  any  new  se¬ 
cretion  of  TSH  following  epinephrine  but,  of  course,  does  not  rule  out  the  possibility 
that  any  effect  of  epinephrine  on  the  thyroid  gland  might  require  not  increased  TSH 
.“Secretion  but  continued  action  of  TSH  at  the  thyroid  level.  Only  24  hours  after  hypo- 
ph.V'  ctomy  some  activity  of  TSH  couhl  still  be  expected. 

Meiiuirement  of  Radioactive  Protein  Bound  Iodine 

Semples  from  the  thyroid  vein  and  femoral  artery  were  centrifuged  and  2.0  ml.  of 
pla^  la  drawn  off.  The  radioactivity  of  the  plasma  was  first  measured  in  a  well  type 
scintillation  counter  by  counting  to  a  total  of  5,000  counts,  and  represented  the  total 
pla^:.la  radioactive  iodine  (inorganic  and  organic  iodine).  The  method  of  Silver  et  at. 
(19  was  utilized  for  the  determination  of  the  protein  bound  radioactive  iodine.  Four 

*  The  thyrotropin  was  supplied  through  the  courtesy  of  the  Research  Division  of  the 
.Arm  air  Company,  Kankakee,  Illinois. 
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ml.  of  a  10%  solution  of  trichloroacetic  acid  were  used  to  precipitate  the  protein  hou  d 
radioactive  iodine  of  the  2.0  ml.  of  plasma,  and  the  i)rccipitate  was  then  washed  tli  e 
times  with  4.0  ml.  of  the  trichloroacetic  acid  solution.  The  precipitate  was  then 
dissolved  with  1.5  ml.  of  4X  sodium  hydro.xide.  This  sample  was  made  up  to  volu  le 
and  its  activity  determined  in  a  well  type  scintillation  counter  by  counting  to  a  to -d 
of  5,000  counts.  This  measurement  represented  the  radioactive  protein  bound  iocT  le 
(ppiist)  ijj  2.0  ml.  of  plasma. 

Radiopaperchromatographic  Technique 

Radiopai)erchromatograi)hic  studies  of  plasma  samples  were  carried  out  in  a  1  -w 
experiments  by  a  technique  similar  to  that  described  bv  Benua  and  Dobyns  (20). 
.Vpproximatelv  3.0  ml.  of  plasma  were  first  .slurried  with  0.5  gm.  (dr.v  weight)  of  an 
anion  exchange  resin  (.Vmberlite  IR.\-400)  to  remove  excesses  of  inorganic  wlncli 
occasionally  tended  to  obscure  the  contour  of  the  more  important  adjacent  activity 
])eaks.  The  jjlasma  was  then  acidified  to  j)H2  with  5X  HCl,  extracted  three  times  with 
normal  butanol,  and  evaporated  to  dryness  in  a  50°  C  water  bath.  The  residue  was  then 
taken  up  in  a  few  drops  of  ethanol — 27%  ammonium  hydroxide  (9:1)  and  after  the 
addition  of  apj)roximately  10  /xg.  of  thyroxine,  triiodothvronine,®  and  diiodotyrosine 
carriers,  it  was  placed  on  Whatman  #1  filter  paper  in  a  butanol-dioxane-2X  ammonium 
hydroxide  (4:1:5)  ascending  solvent  s.vstem  for  24  hours.  The  site  of  the  carriers  was 
determined  by  sjrraying  with  diazotized  sulfanilic  acifl. 

The  paperchromatogram  was  then  cut  into  0.5  cm.  horizontal  strips  for  radioactivity 
measurement  in  a  well  type  scintillation  counter,  each  strip  being  counted  for  one 
minute.  In  this  fashion,  the  relative  amounts  of  radioactivity  corresponding  to  the 
known  areas  on  the  chromatogram  could  be  determined. 

RESULTS 

Control  Period 

Radioactivity  mea.sureinent.s  of  plasma  samples  from  the  thyroid  \cin 
and  femoral  artery  during  control  periods  showed  a  similar  pattern  in  all  of' 
the  experiments.  The  total  plasma  radioactive  iodine  levels  were  slightly 
higher  in  the  blood  taken  from  the  femoral  artery.  This  finding  reflects  tlie 
ability  of  the  thyroid  gland  to  trap  inorganic  iodide  from  the  circulating 
arterial  blood.  On  the  other  hand,  the  thyroid  venous  PBP®*  lev’els  were 
usually  significantly  higher  than  the  corresponding  arterial  levels,  the  re¬ 
sult  of  a  continuous  release  of  small  quantities  of  protein  bound  iodine  fi oin 
the  gland.  PBP®*  levels  during  the  control  period  remained  relatively  con¬ 
stant  in  the  .samples  from  the  femoral  artery  and  the  thyroid  vein  in  each  of 
the  experiments  (Figs.  1,  2,  3,  4,  5). 

Control  Experiments 

Three  control  experiments  were  carried  out  over  a  period  of  three  to  f'  iir 
hours,  during  which  time  PBP®‘  values  from  the  thyroid  vein  and  feme  al 
artery  were  measured.  Experimental  conditions  were  identical  with  th  se 
involving  epinephrine  and  nor-epinephrine,  except  that  saline  alone  was  n- 

*  Thvroxine  and  triiodothyronine  carrier  materials  for  the  chromatographic  stu.  cs 
were  furnished  by  the  Smith,  Kline  and  French  Laboratories,  Philadelphia,  Pern.  1- 
vania. 
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1  iG.  1.  No  significant  changes  noted 
ovt  a  three-hour  period  of  saline  infusion. 
Coi  iitions  were  identical  to  those  in  the 
exp  riments  employing  epinephrine  and 
nor-'.  i)inci)hrine. 
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’iG.  2.  (Dog  6.)  The  ratio  of  the  peak  PBP®‘  level  during  the  infusion  period  to  the 
co:  rol  levels  was  10.3.  The  response  of  the  thyroid  venous  PBT*®*  to  epinephrine  was 
SOI'  ewhat  less  prompt  than  in  other  studies  with  epinephrine. 
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fusetl.  Xo  significant  change  was  noted  in  the  PBP'*‘  of  either  the  thyro!  1 
vein  or  tlie  femoral  artery  (Fig.  1). 

Epinephrine  Ad  mi  n  iat  ration 

Comparable  results  were  obtained  in  all  seven  epinephrine  experiment'. 
After  the  start  of  the  epinephrine  infusion,  there  was  a  latent  period  of  i  ■) 
to  Do  minutes  during  which  the  thyroid  venous  PBP*‘  concentrations  r  - 


FiCt.  (D(»k  10.)  The  ratio  of  the  peak  PHI”*  level  during  the  infu.sion  period  to  the 

control  values  was  2.0. 


mained  at  control  values.  Following  this  period  the  PBP*‘  levels  in  the 
thyroid  vein  rose  sharply  and  reached  a  peak  usually  just  before  or  soon 
after  the  epinephrine  was  discontinued  (Fig.  2).  The  ratios  of  these  higlu  st 
levels  to  the  control  levels  varied  from  1.5  to  10.3  in  the  seven  experiments, 
with  a  mean  ratio  value  of  4.8.  These  results  are  summarized  in  Table  1. 
The  lowest  ratio  occurred  in  the  initial  experiment  when  the  procedure  is 
not  completely  perfected  and  when  the  epinephrine  was  administered  in  t  le 
smallest  quantity  for  the  shortest  period  of  time.  A  sharp  decline  in  t’  e 
PBP®*  levels  usually  occurred  immediately  after  stopping  the  epinephri  e 
infusion.  The  levels  of  PBI”‘  in  the  femoral  artery  did  not  show  an  acco-  - 
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pi!  lying  rise  in  any  experiment  during  the  infusion  of  epinephrine  hut  in- 
st(  id  remained  the  same  or  decreased  slightly. 

'ince  concentrations  were  measured  in  the  samples  collected  from 

th  thyroid  vein  rather  than  the  total  PBP*‘  activity  passing  through  the 
ca  tieterized  vein  during  the  control  and  experimental  periods,  it  is  perti- 
ne  it  to  point  out  that  measurements  of  blood  flow  in  the  thyroid  vein  were 
no  made  during  the  experiments  reported  in  this  study.  It  is  conceivable 


T.'  tl.K  1.  Sr.MMARY  OK  THE  EKKECTS  OK  THE  IXKCSIOX  OK  EPINEPHRINE,  NOR-EPINEPH RI N E 
AND  THYROID  STIMI  LATINO  HORMONE  ON  THYROID  VENOI  S  PHI”* 


D.'K 

Drug 

administered 

Duration  of 
infiKsion 
of  drug 

Time  of 

1st 

increase 

Time  of 
peak  FBI'’’ 
increase 

Ratio  of  peak 
FBI'®*  level 
to  control 
FBI131  level 

1 

Epinephrine 

GO' 

15-40' 

15-40' 

1  .5 

•) 

Epinephrine 

170' 

85-50' 

170-200' 

7.9 

Epinephrine 

210' 

9.5-125' 

175-210' 

2.5 

1 

Epinephrine 

110' 

40-60' 

90-110' 

4.2 

r> 

Epinephrine 

115' 

0-85' 

70-110' 

8.2 

() 

Epinephrine 

120' 

8.5-110' 

100-120' 

10.8 

7 

Epinephrine 

90' 

60-70' 

120-200' 

4.2 

s 

N  or-epinephrine 

140' 

60-85' 

200-240' 

17.1 

•I 

Nor-epinephrine 

175' 

85-110' 

175-205' 

2.8 

1(1 

Nor-epinephrine 

195' 

25-70' 

180-180' 

2.0 

II 

TSH 

65' 

15-85' 

115-185' 

18.9 

12 

TSH 

65' 

20-45' 

220-250' 

7.4 

i;t 

Epinephrine 
(Hvpox.  dog) 

110' 

80-95' 

95-110' 

2 . 5 

1 1 

Epinephrine 
(Hypox.  dog) 

145' 

8.5-80' 

145-160' 

8.2 

that  changes  in  thyroid  venous  blood  flow  alone  induced  by  the  adminis¬ 
tration  of  epinephrine  could  produce  rises  in  the  thyroid  venous  PBP®‘ 
values  as  were  noted  during  the  infusions  of  epinephrine.  It  is  unlikely, 
however,  that  changes  in  blood  flow  per  .se  .significantly  affected  the  thy¬ 
roid  venous  PBI'®^  values  reported  for  the  following  reasons. 

During  the  control  periods  spontaneous,  wide  variations  often  occurred 
in  the  thyroid  venous  flow,  as  judged  by  the  time  necessary  to  collect  the 
venous  samples,  without  significant  changes  taking  place  in  the  PBP'” 
concentrations.  Also,  it  was  possible  in  some  experiments  to  calculate  the 
total  number  of  radioactive  counts  passing  through  the  thyroid  vein,  both 
lietore  and  during  the  infusion  of  epinephrine,  because  the  flow  was  so  slow 
that  a  summation  of  the  individual  venous  samples  equaled  the  total  flow 
tlnough  the  vein.  In  these  instances  significant  increa.ses  in  the  total  PBI'*‘ 
counts  were  also  found  during  the  epinephrine  infusions  comparable  to  the 
ill'  leases  noted  in  the  PBP®^  concentrations.  Finally,  it  would  .seem  im¬ 
probable  that  increa.ses  in  thyroid  venous  PBP*^  concentrations  as  high  as 
K*  times  the  control  levels  would  occur  on  the  basis  of  changes  in  blood 
flc  v  alone,  and  are  better  explained  on  the  basis  of  an  increased  release  of 
tli'  roid  hormone  from  the  gland.  Thus,  it  would  appear  that  variations  in 
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thyroid  venous  blood  flow  did  not  play  a  significant  role  in  the  changes  w 
the  PBP®'  concentration  values  reported  during  the  epinephrine  and  otli  r 
infusions  utilized  in  this  study. 


Xor-cpi nephri ne  A dmi nistration 

In  three  experiments,  after  a  latent  period  of  25  to  85  minutes,  adminis¬ 
tration  of  nor-epinephrine  produced  rises  of  levels  in  the  thyroid 
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Fig.  4.  (Dog  11.)  Tlio  ratio  of  the  peak  PR  I*’*  level  during  the  infusion  to  the  oontrol 
levels  was  IS. 9.  The  persistence  of  the  elevated  PBP”  even  after  TSH  was  discontimu'd 
is  .'Striking. 


vein  similar  to  those  ob.served  during  the  epinephrine  infusions  (Fig. 
The  ratio  of  the.se  levels  at  their  peaks  to  the  control  values  ranged  fr  lu 
2.0  to  17.1  in  all  instances.  Arterial  levels  of  PBP**  again  showed  no  chan  j:c. 
.\  summary  of  the.se  experiments  is  shown  in  Table  1. 

Thyroid  Stimnlating  Hormone  Administration 

In  two  experiments  the  infusion  of  thyroid  stimulating  hormone  (Ts  I) 
produced  re.sults  gro.s.sly  similar  to  tho.se  obtained  with  epinephrine  u  d 
nor-epinephrine.  The  responses  by  the  thyroid  gland  were  very  rapid  n 
both  instances.  Initial  ri.ses  in  PBP'’*  levels  of  the  thyroid  vein  occurred  d 
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lo  ;  iul  20  minutes  respectively  immediately  following  TSH  administration 
(T:  ')le  1).  The  levels  did  not  fall  apprecial)ly  after  the  infusions  were 
stoj  ped,  as  they  did  following  the  introduction  of  epinephrine  and  nor-epi- 
nei  trine,  but  instead  remained  markedly  elevated  for  the  remainder  of  the 
18(’  minutes  they  were  followed  (Fig.  4).  These  peak  levels  were  18.0  and 
7.4  imes  higher  than  the  control  figures.  Also,  in  the  first  of  the.se  studies 
(l)i  %  11),  a  ri.se  of  1.6  times  the  control  level  occurred  in  the  of  the 

fen  tral  arterial  blood.  In  the  other  experiment,  a  small  increa.se  in  the  ar- 


;?500  -r 


2000  -L- 


1500  ^ 


000  I 


-EPINEPM. - 

30  y/  ML.  I 


I 

5  I  THVROIO  MM" 


eOOy 

40o4- 

200  — 


^50_Lmeanbr 


%  I 


I 

I 

H 

•  I* 

I 


100 -p 

50 -r 


i/t 


60 


120 


160  240  MIN. 


Fi(i.  5.  (Dor  El,  hyiiophysectomizi'd.)  Thr  ratio  of  tlio  jioak  PHI''”  lovol  durinfj;  the 
infusion  period  to  the  control  levels  was  2.5  in  this  (‘.\i)erinient. 


tenal  PBF*‘  of  1.3  times  the  control  activity  was  noted.  A  summary  of 
those  TSH  experiments  is  found  in  Table  1. 

Epinephrine  Administration  in  Hypophysectomized  Animals 

Infusions  of  epinephrine  in  two  hypophysectornized  dogs  produced  re- 
sul  s  comparable  to  tho.se  obtained  with  epinephrine  admini.stered  to  in- 
tai  animals  (Fig.  5).  Latent  periods  of  35  to  80  minutes  were  followed  by 
inceases  of  PBP*‘  levels  in  the  thyroid  vein  which  reached  peaks  2.5  and 
3.2  times  as  high  as  the  control  levels.  No  significant  changes  occurred  in 
th(  PBP®‘  levels  of  the  femoral  artery.  The.se  findings  are  summarized  in 
Ta  le  1. 
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Preliminary  Radiopaperchromatographic  Studies 

Chromatographic  separation  of  the  labeled  compounds  in  the  thyi  )i(i 
vein  was  carried  out  during  one  experiment  with  epinephrine  and  one  w  ith 
thyroid  stimulating  hormone.  A  comparison  of  the  chromatographic  pat¬ 
terns  of  the  PBP®^  in  the  thyroid  vein  before  the  administration  of  epineph¬ 
rine  and  during  the  height  of  the  PBP*‘  response  to  epinephrine  is  shown 
in  Figure  6.  It  is  apparent  that  the  rise  in  protein  bound  radioactivity  dur¬ 
ing  the  epinephrine  infusion  is  attributable  to  increases  in  both  P®^  labeled 


Fig.  T).  (Dos  7.)  A  comparison  of  the  radiopaperchromatograms  of  equal  volumes 
(3  ml.)  of  thyroid  venous  plasma  taken  before  e])inephrine  and  during  the  height  of  the 
I'esponst'  of  the  thyroid  gland  to  epinephrine.  Inerea.ses  in  both  radioactive  thyroxine 
(T4)  and  triiodothyronine  (T3)  occurred  during  the  infusion  of  epinephrine. 

thyroxine  and  triiodothyronine.  Chromatograms  made  from  femoral  ar¬ 
terial  blood  during  the  control  periods  of  these  experiments  and  during  the 
infusion  of  epinephrine  showed  small  peaks  of  labeled  thyroxine  with  no 
evidence  of  triiodothyronine  activity.  These  chromatographic  studio-  of 
thyroid  venous  blood  following  epinephrine  and  TSH  stimulation  an  at 
pre.sent  being  continued  in  additional  dogs, 

DISCUSSION 

.Although  the  effects  of  epinephrine  on  thyroid  gland  activity  have  1  on 
studied  in  some  detail  in  the  past,  the  results  have  not  been  uniform  fi  >m 
one  species  to  another  and  not  even  within  the  same  species.  While  it  .  as 
been  found  by  8offer  and  as.sociates  (16)  that  circulating  thyroid  stimu'  it- 
ing  hormone  is  increased  in  thyroidectomized  dogs  after  epinephrine  1- 
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mill  'tration,  Botkin  (21)  ami  Sorter  (22)  have  reported  a  decrease  in  tlie 
upti.ke  of  I'"**  in  rats  after  epineplirine  injection.  Perry  (28)  has  deir.on- 
stra  cd  a  rise  in  the  basal  inetaliolic  rate  and  hypertrophy  of  thyroid  tissue 
in  r.  ts  following  epinephrine  administration.  Goetsch  (24),  on  the  other 
lian  ,  found  no  histological  changes  in  the  thyroid  glands  of  guinea  pigs 
aftci  daily  epinephrine  injections.  He  did,  however,  find  changes  suggest¬ 
ing  increased  activity  in  the  thyroid  glands  of  rabbits  after  a  similar  course 
of  e;iinephrine.  Money  (25)  has  reported  a  decrease  of  the  uptake  in 
iat.«  after  two  and  three  weeks  of  daily  epinephrine  injections,  but  no 
changes  after  one  week.  He  noted,  however,  a  significant  decrea.se  in  the 
uptake  of  P®‘  only  two  hours  after  a  single  injection  of  epinephrine.  Reiss 
and  issociates  (26)  have  studied  the  effect  of  epinephrine  on  the  uptake 
1)V  the  thyroid  gland  in  man,  and  have  observed  increases  which  have 
reached  their  maximums  three  to  four  hours  after  a  single  dose  of  epineph¬ 
rine.  There  is  evidence  that  epinephrine  may  not  only  influence  the  for¬ 
mation  of  thyroid  hormones,  but  that  it  may  influence  the  peripheral 
metabolism  of  these  hormones.  Thus,  several  groups  of  investigators 
(17,  18,  27)  have  demonstrated  an  acute  decrease  in  .serum  protein  bound 
iodine  in  thyroidectomized  rats  following  epinephrine  administration. 

There  has  been  relatively  little  investigation  of  the  effect  of  epinephrine 
on  thyroid  function  in  dogs  (16),  the  species  with  which  this  report  is  con¬ 
cerned.  The  data  which  have  been  obtained  in  this  species  and  others,  how¬ 
ever,  by  the  u.se  of  various  indices  of  thyroid  stimulation  (size  of  gland, 
1'**  uptake,  .serum  PBP^^  levels)  have  often  indicated  the  ability  of  epineph¬ 
rine  to  exert  a  stimulating  effect  on  the  activity  of  the  thyroid  gland.  The 
measurement  of  the  radioactive  protein  bound  iodine  in  thyroid  venous 
blood,  however,  as  described  in  this  study  on  dogs,  provides  for  the  first 
time  a  direct  and  more  .sensitive  method  for  studying  the  effect  of  epineph¬ 
rine  on  the  actual  release  of  thyroid  hormones  from  the  thyroid  gland. 

The  data  from  the  control  periods  are  of  interest  in  that  they  demon- 
.strate  the  relative  levels  of  radioactivity  of  thyroid  venous  and  peripheral 
arterial  blood  that  one  might  have  predicated  on  the  basis  of  the  known 
physiologic  functions  of  the  thyroid  gland.  The  continuous  relea.se  of  thy¬ 
roid  hormones  from  the  thyroid  gland  in  very  small  quantities  during 
“resting  .states”  (28,  .29)  is  reflected  by  the  elevated  measurements  of 
PB1‘^'  in  the  thyroid  vein  as  compared  to  the  peripheral  arterial  values  of 
PBP'’*  during  the  control  periods  (Figs.  1, 2,  3,  4,  5).  The  remarkable  ability 
of  the  thyroid  gland  to  concentrate  inorganic  iodide  some  100  times  has 
been  recognized  for  many  years  and  repre.sents  an  unusual  activity  of  this 
gland.  This  function  of  the  thyroid  gland  is  demonstrated  by  the  fact  that 
the  ‘otal  activity  in  the  thyroid  vein  averaged  13%  lower  than  in  the 
sin:  dtaneously  drawn  peripheral  arterial  .samples,  in  spite  of  the  higher 
th} ;  oid  venous  PBB*^  values,  indicating  a  smaller  amount  of  inorganic 
rad  oactive  iodide  in  the  thyroid  v'ein  than  in  the  peripheral  arterial  blood. 
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The  results  of  the  seven  epinephrine  and  three  nor-epinephrine  exji  ri- 
ments  (Table  1)  indicate  the  ability  of  these  substances  to  produce  proi  ipt 
and  striking  increases  in  the  release  of  thyroid  hormones  from  the  thyi  tid 
gland  of  dogs.  Additional  experiments  were  then  carried  out  to  elucio.ite 
the  exact  site  of  this  action  of  epinephrine.  Two  possible  pathways  of  «  pi- 
nephrine  stimulation  were  considered.  Indirect  stimulation  of  thethyioid 
gland  via  hypothalamic  anterior  pituitary  activation  furnishes  one  possil)le 
route.  The  possil^ility  that  epinephrine  and  nor-epinephrine  directly  stiiuu- 
late  the  thyroid  gland  to  release  its  hormones  was  also  considered. 

Accordingly,  experiments  with  thyroid  stimulating  hormone  and  c.x- 
periments  utilizing  hypophysectomized  dogs  were  carried  out  to  help  eluci¬ 
date  whether  the  effects  of  epinephrine  and  nor-epinephrine  on  the  secre¬ 
tory  activity  of  the  thyroid  gland  were  direct  or  indirect. 

The  intravenous  administration  of  thyroid  stimulating  hormone  to  two 
dogs  was  followed  by  a  prompt  increase  in  the  release  of  thyroid  hormones 
from  the  thyroid  gland  (Table  I,  Fig.  4).  The  data  obtained  in  the  T811  ex¬ 
periments  were  grossly  similar  to  those  noted  in  the  experiments  with 
epinephrine  and  nor-epinephrine,  and  are  compatible  with  the  conclusion 
that  the  respon.se  of  the  thyroid  gland  to  epinephrine  could  be  mediated  hv 
the  anterior  pituitary  release  of  thyroid  stimulating  hormone. 

("ertain  differences,  however,  were  noted  between  the  TSH  and  epineph¬ 
rine  responses.  After  the  administration  of  thyrotropin,  the  rise  in 

the  thyroid  vein  occurred  somewhat  more  rapidly  and  persisted  at  its  peak 
values  longer,  even  after  TSIl  was  withdrawn  (Fig.  4),  than  was  noted  in 
the  experiments  with  epinephrine  and  nor-epinephrine.  Also,  the  mean 
rise  in  the  compared  to  the  resting  values  was  greater  after  thyro¬ 

tropin  administration  than  following  the  other  two  sub.stances.  Tliese 
variations,  however,  may  be  a  reflection  of  the  relative  difference  in  do-age 
of  the  administered  materials. 

Thus,  it  should  be  noted  that  the  administration  of  10  to  20  units  of 
thyroid  stimulating  hormone  to  a  15  kg.  dog  represented  a  relatively  large 
do.se,  whereas  the  amounts  of  epinephrine  and  nor-epinephrine  infu.sed  w  ere 
within  physiologic  limits.  The  high  dosage  of  TSH  was  utilized  because  it 
was  feasible  to  follow  the  thyroid  venous  PBP®^  values  in  these  dog  experi¬ 
ments  for  a  total  of  only  four  to  six  hours,  and  as  prompt  a  thyrotr'.piii 
effect  as  possible  was  de.sired.  Pertinent  to  these  experiments  with  TSH  are 
the  data  of  D’Angelo  (30),  who  was  unable  to  detect  any  rise  in  blood  levels 
of  thyroid  stimulating  hormone  in  rats  after  single  and  multiple  injeci  ons 
of  epinephrine.  Thus,  the  data  acquired  in  the  two  TSH  experiment-  re¬ 
ported  do  not  conclusively  corroborate  or  refute  the  possibility  that  (pi- 
nephrine  may  stimulate  .secretion  from  the  thyroid  gland  via  ante  ior 
pituitary  release  of  thyrotropin. 

On  the  other  hand,  the  data  acquired  in  hypophysectomized  d- gs, 
demonstrating  a  prompt  rise  in  the  thyroid  venous  PBP®‘  following  *  pi- 
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ne  lirine  infusion  comparable  to  that  seen  in  the  intact  dog,  indicate  that 
ep  lephrine  does  act  directly  on  the  thyroid  gland.  Although  these  experi- 
m(  its  on  hypophysectoinized  dogs  do  not  rule  out  the  possibility  that  the 
ep  lephrine-induced  release  of  thyroid  hormones  may  also  arise  in  part  via 
sti. filiation  of  the  anterior  pituitary-thyroid  axis,  they  do  suggest  that  the 
m:  lor  pathway  of  epinephrine  activation  of  secretion  by  the  thyroid  gland 
is  :  direct  effect  of  epinephrine  on  the  gland  itself.  It  is  also  conceivable  in 
vi(  V  of  the  variety  of  metaliolic  and  cardiovascular  effects  of  epinephrine 
tlu’t  even  in  the  hypophysectoinized  animal,  the  changes  in  secretion  by 
tlu  thyroid  gland  following  epinephrine  may  not  be  primary  effects  upon 
tlh  gland  itself. 

The  absence  of  any  rise  in  PBP®‘  levels  in  the  peripheral  arterial  samples 
(luring  epinephrine  and  nor-epinephrine  stimulation  warrants  further  com¬ 
ment  in  view  of  the  concomitant  increases  of  the  in  the  thyroid 

vein.  .\t  least  two  factors  may  help  explain  the.se  findings.  Undoubtedly, 
there  is  a  marked  dilution  effect  as  the  PBP*‘  in  the  thyroid  vein  mixes  with 
the  entire  intravascular  compartment.  This  dilution  could  completely 
mask  any  tendency  for  the  PBP®^  concentration  in  the  peripheral  artery  to 
rise.  In  addition,  an  increa.se  in  ti.ssue  “utilization”  or  metabolism  of  thy¬ 
roid  hormone  during  epinephrine  administration  has  been  postulated  (23), 
and  such  a  mechanism  may  be  responsible  in  part  for  the  failure  of  the 
PBP^'  to  rise  in  the  peripheral  blood.  Indeed,  in  a  few  studies  (Fig.  3)  the 
pi^psi  values  of  the  femoral  artery  decreased  .slightly  as  the  experiment 
progressed.  This  minimal  decrease  in  the  PBP’*  may  be  attributed  to  the 
slight  hemodilution  that  took  place  during  the  experiments  as  .serial  blood 
.samples  were  removed  and  o  per  cent  dextro.se-in-saline  slowly  infu.sed. 
The  increa.se  of  PBP*^  levels  in  the  femoral  artery  that  appeared  during 
the  administration  of  thyrotropin  may  be  a  function  of  the  quantitatively 
greater  release  of  PBP^^  that  occurred  following  the  T8H  dose  employed 
than  after  the  administration  of  epinephrine  and  nor-epinephrine.  Thus, 
aii\-  dilution  effect  and  peripheral  utilization  factor  may  have  been  over¬ 
come  by  the  relatively  large  amount  of  PBI’®'  released  following  the  TSII 
administration. 

riie  radiopaperchromatographic  studies  reported  are  of  a  preliminary 
nature  and  are  being  expanded  at  the  present  time.  The  chromatograms 
demoiLstrated  that  the  rise  in  PBP*^  that  took  place  during  one  epineph¬ 
rine  infusion  was  attributable  to  increases  in  both  radioactive  thyroxine 
and  triiodothyronine.  The  rise  of  triiodothyronine  noted  in  the  thyroid 
venous  blood  is  an  important  finding,  since  it  furnishes  direct  evidence  that 
this  hormone  can  be  relea.sed  from  the  thyroid  gland.  Triiodothyronine  has 
h(f>n  identified  in  the  thyroid  gland  and  blood  of  animals  (31)  and  man 
(1,  2,  32).  It  is  not  clear,  however,  whether  the  circulating  level  of  triiodo¬ 
thyronine  is  primarily  the  result  of  thyroid  gland  .secretion  or  is  main- 
tamed  by  the  peripheral  deiodination  of  thyroxine.  There  is  experimental 
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evidence  for  the  latter  proces.s  in  man  (38),  animals  (34,  35)  and  in  in  lu  ro 
systems  (3(1).  Previous  direct  evidence  to  support  the  secretion  of  triio  <>- 
thyronine  hy  the  thyroid  gland  has  been  furnished  by  Taurog  et  al.  (3;), 
who  described  the  presence  of  triiodothyronine  in  the  thyroid  vein  of  se\en 
sheep  and  one  horse.  It  is  possible  that  both  mechanisms  may  be  respon¬ 
sible  in  part  for  the  circulating  level  of  triiodothyronine. 

Preliminary  data  would  indicate,  therefore,  that  rapidly  acting,  pot-  nt 
triiodothyronine  may  be  .secreted  by  the  thyroid  gland  of  the  dog  in  re¬ 
sponse  to  the  acutely  stressful  situation  associated  with  epinephrine  elab¬ 
oration,  and  thus  may  .serve  as  an  “emergency”  type  of  hormone.  Addi¬ 
tional  chromatographic  .studies  of  thyroid  venous  blood  following  epineph¬ 
rine  administration  are  currently  in  progress.  Increased  thyroxine  .secre¬ 
tion  demonstrated  following  the  epinephrine  infusion  might  also  increase 
the  peripheral  production  of  triiodothyronine  by  means  of  the  tissue  deiodi- 
nation  mechanism  previously  mentioned. 
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PURIFICATION  OF  GONADOTROPHINS  DERIVED  FR(  M 
URINE  AND  PITUITARY  GLANDS  OF  HUMAN  BEINGS: 
OBSERVATIONS  ON  THEIR  ELECTROPHORETIC 
BEHAVIOR  AND  BIOLOGICAL  ACTIVITY' 

DEMETRIOS  A.  RICL\S,  C.  ALVIN  PAULSEN^ 

AND  CARL  G.  HELLER 

Department  of  Medicine,  Division  of  Endocrinology,  University  of  Oregon,  Medical  Scluiol, 

Portland,  Oregon 

ABSTRACT 

A  method  for  purifying  human  urinary  gonadotrophins  which  is  also  ap¬ 
plicable  to  purification  of  human  pituitary  gonadotrophins  is  described.  Ninety- 
five  to  ninety-seven  percent  of  the  inactive  impurities  and  toxic  substances 
were  eliminated  without  detectable  loss  of  gonadotrophic  activity. 

Bioassaj’  of  the  purified  products  in  immatun*  hypophysectomized  male  and 
female  rats  indicated  the  presence  of  the  three  gonadotrophic  activities. 

Electrophoretic  analysis  at  pH  8.6  of  both  the  urinary  and  pituitary  prepara¬ 
tions  revealed  three  components  migrating  as  anions.  Electrophoretic  frac¬ 
tionation  and  bioa.ssaj'  of  the  fractions  on  immature  hypophysectomized  male 
and  female  rats  failed  to  demonstrate  that  each  of  the  three  gonadotrophic  ac¬ 
tivities  (FSH,  ICSH,  and  Luteotrophin)  was  associated  with  a  different  elec¬ 
trophoretic  component,  and  indicated  that  all  three  of  them  may  be  associated 
with  the  central  component. 

This  evidence  suggests  that  the  human  urinary  and  pituitary  gonadotrophins 
are  similar  to  each  other  and  that  either  they  are  high  molecular  weight 
protein-like  substances  or  that  they  are  associated  with  such  substances. 

Methods  for  concentrating  urinary  gonadotrophins  currently  in  use, 
such  as  alcohol  precipitation  (1),  kaolin  ab.sorption  (2),  and  ultra¬ 
filtration  (3,  4),  yield  products  containing  many  other  proteins  and  non¬ 
protein  .substances.  This  has  limited  the  characterization  of  human  urinary 
gonadotrophins,  as  the  toxicity  of  the.se  extracts  to  hypophysectomizi'd 
rats  hampers  biologic  assay  and  the  extraneous  substances  interfere  with 
definitive  analysis.  The  pre.sent  report  deals  with  a  method  that  concen¬ 
trates  the  usual  ultrafiltration  end  product  20  to  30  times  without  signifi¬ 
cant  lo.ss  of  gonadotrophic  activity.  This  permits  electrophoretic  analy  is 
and  biologic  assay  in  hypophysectomized  rats  without  causing  toxic  tf- 
fects. 

MATERIALS  AND  METHODS 

I'rine  from  normal  adult  male  and  female  human  subjects  or  from  patients  with  j)  - 
Received  August  30,  1957. 

*  This  investigation  was  generously  supported  by  a  grant  in  aid  from  the  .\yt  t 
Laboratories,  New  Y^ork,  New  York. 

Present  address.  Department  of  Medicine,  Wayne  University,  Detroit,  Michiga  . 
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pu'  eral  seminiferous  tubule  failure  (Klinefelter’s  Syndrome)  was  eolleeted  as  voided 
air  preserved  at  1°  as  each  24-hour  speeimen  aeeumulated  from  each  subject,  it  was 
(01  entrati'il  by  ultrafiltration  in  the  usual  manner  to  recover  the  gonadotrophins.  The 
dr'  residue  was  stored  at  1°  C.  Later,  for  bioassay  and  for  subsequent  purification,  the 
dr'  residue  was  extracted  with  distilled  water.  Each  24-hour  aliquot  was  extracted  three 
tin  cs  using  2  cc.  of  distilled  water  per  extraction.  The  clear  extracts  obtaim'd  by  cen- 
tri'  igation  were  pooled  and  designated  as  the  “Initial  Extract.’’ 

Human  pituitaries  were  obtained  immediateh'  after  traumatic  death  from  presum- 
ab'v  normal  adult  men  and  women,  dried  with  acetone,  and  stored  at  1°  C.^  Just  prior 
to  xtraction  the  pituitaries  were  resoaked  in  acetone  and  the  anterior  lobes  separated 
ofi  redried,  pulverized,  and  weighed  as  dry  powder.  The  powder  was  extracted  three 
tin  es  with  isotonic  saline  (20  cc.  per  gm.)  at  pH  9.0  and  the  pooled  extracts  constituti'd 
th  “Initial  Extract”  which  was  then  subjected  to  the  purification  procedure. 

Extracts  to  be  assayed  in  intact  animals  were  always  made  up  to  0  cc.  with  water 
so  that  1  cc.  was  injected  subcutaneously,  twice  daily,  in  each  24-day-old  intact  female 
Spiague-Dawley  rat  for  3  days.  Twenty-four  hours  following  the  last  injection  the 
ainmals  were  sacrificed  by  rapid  decai>itation  and  the  weights  of  the  ovaries  and  uteri 
\v<  re  recorded. 

Electrophoretic  analyses  wen*  performed  with  a  KU'tt  apj)aratus  utilizing  the  1 1  cc. 
clt  ctrophoretic  cell  and  veronal  buffer  of  pH  8.0,  ionic  strength  0.1. 

The  migrating  proteins  in  the  electrophoretic  cell  w('re  sami)led  with  a  sampling 
device  previously  described  (5)  and  the  fractions  thus  obtained  were  assayed  in  imma¬ 
ture  hypoph3’sectomized  male  and  femah*  Sprague- Da wley  rats  (0).  Hj’poplu’sectomv 
was  performed  when  the  rats  were  22  dajs  of  age^  and  the  assays  started  when  24  days 
old.  The  fractions  to  be  assayed  were  diluted  with  5%  dextrose  so  that  each  rat  re¬ 
ceived  a  total  dose  of  5  cc.  (0.5  cc.  injeett'd  subcutaneoulsj'  twice  daih'  for  5  da\s). 
Fortj’-eight  hours  following  the  last  injection  the  animals  were  sacrificed  by  rapid  de¬ 
capitation  and  the  weights  of  the  ovaries,  uteri,  seminal  vesicles,  anterior  prostates,  and 
testes  w('re  recorded. 


PURIFICATION  PROCEDURE 
Human  Urinary  Gonadotrophins: 

Albumins,  globulins,  acid  insoluble  mucoproteins  and  gh’coproteins  have  been  dem¬ 
onstrated  in  the  urine  of  normal  human  subjects  (7).  The  acid  insoluble  mucoproteins 
are  precipit'able  bj'  acidification  to  pH  3.8,  while  the  globular  proteins  are  removed 
following  denaturation  bj-  shaking  with  water  immiscible  organic  solvents  such  as 
chloroform  or  ethjl  ether.  The  remaining  proteins,  which  contain  the  gonadotrophic 
activity,  can  be  further  fractionated  bj’  ethanol  precipitation  or  bj-  salting  out  with 
ammonium  sulfate.  These  principles  were  utilized  in  the  numerous  preliminar\'  j)roce- 
(lures  which  led  to  the  development  of  the  method  described  here.  The  objective  of  the 
proposed  method  was  to  obtain  a  purified  non-toxic  material  without  loss  of  gonadotro¬ 
phic  activity.  We  have,  therefore,  included  in  the  purification  scheme,  as  finallj’  evolved, 
only  those  steps  which  j  iehled  inactive  waste  products.  .\11  procedures  were  performed 
ill  a  cold  room  at  1°  C. 

The  “Initial  Extract”  of  each  24-hour  urine  aliquot  from  the  same  patient  was  pooled 
for  convenience  of  manipulation  and  the  pH  (usually'  between  6.5  and  7.0)  adjusted  to 
3  8  by  the  slow  addition  of  l.OX  HCl  with  constant  stirring.  The  suspension  was  cen- 
tiifuged  and  the  clear  aqueous  phase  recovered. 

’  We  wish  to  thank  Dr.  Kenneth  Wade  Thompson,  Orange,  N^ew  .lersej’,  for  supph  - 
ii  g  the  human  pituitaries  used  in  these  studies. 

*  Hypophj'sectomies  performed  bj’  Hormone  Assay  Laboratoties,  Chicago,  Illinois. 
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RIGAS,  PAULSEX  AND  HELLER 
SCHEME  1 

DRY  POWDER  OBTAINED  BY  ULTRAFILTRATION  OF  URINE 
OR  ACETONE-DRIED  PITUITARY  GLANDS 

i 

“Initial  Extract.”  .\(ljust  pH  to  3.8;  centrifuge. 

Supernatant  solution.  Shake  with  equal  volume  of  ei  lyl 
ether;  centrifuge. 

Aqueous  phase.  Add  0.1  volume  of  saturated  NaCl;  adjust 
1)H  to  7.0;  add  ethanol  to  50%;  centrifuge. 

Supernatant^solution.  Add  more  ethanol  to  85%;  centrifuge. 

“Product  1.”  Dry;  dissolve  in  5  cc.  water  per  25  cc.  of 
“Initial  Extract”:  add  0.1  volume  of  saturated  NaCl;  ad¬ 
just  pH  to  0.0;  add  ethanol  to  55%;  centrifuge. 

Supernatant  solution.  Add  0.15  volume  of  saturated  NaCl; 
ethanol  to  75%;  centrifuge. 

“Product  2.”  Dry;  di.s.solve  in  2  cc.  water  per  25  cc.  of 
“Initial  Extract”;  add  0.1  volume  of  saturated  NaCl;  ad¬ 
just  pH  to  4.8;  add  ethanol  to  50%;  centrifuge. 

Supernatant  solution.  .\dd  0.1  volume  of  saturated  NaCl; 
ethanol  to  75%;  centrifuge. 

“Product  3.”  Dry;  dissolve  in  4  cc.  water  per  25  cc.  of 
“Initial  Extract”;  add  ammonium  svdfate  to  0.4  .saturation; 
centrifuge. 

Supernatant  solution.  Add  ammonium  sulfate  to  O.O  sat¬ 
uration;  centrifuge. 

Precii)itate.  Dissolve  in  water;  dialyze;  lyophilize. 

“Final  Product” 


Residue.  Discard. 

Precipitate.  Discard. 

Ether  phase  plus  Precipitate. 
Discard. 

Pn*cii)itate.  Discard. 
Supernatant  fluid.  Discard. 

Precipitate.  Discard. 
Supernatant  fluid.  Discanl. 

Precijjitate.  Discard. 
Supernatant.  Discard. 

Precipitate.  Discard. 
Supernatant  fluid.  Discard. 


\Yorking  Flow  Sheet  Summ.\rizing  the  Purification  of  the  Human 
Urinary  and  Pituitary  Gonadotrophin.s 


The  ionic  strength  of  the  aqueous  phase  was  then  increased  by  the  addition  of  0.1 
volume  of  .saturated  sodium  chloride  and  the  pH  adjusted  to  7.0  with  l.ON  NaOH.  Cold 
95%  ethanol  was  added  to  obtain  a  final  concentration  of  50%  by  volume,  and  the  sus- 
jiension  centrifuged  until  clear.  The  gonadotrophins  were  precipitated  from  the  super¬ 
natant  solution  by  raising  the  ethanol  concentration  to  85%  by  volume,  .\fter  one  hour 
the  preeipitate  was  centrifuged,  washed  with  absolute  ethanol,  ethyl  ether,  and  dried 
in  a  stream  of  air.  This  was  designated  as  “Product  1.” 

The  dry  “Product  1”  was  subsequently  dissolved  in  cold  distilled  water  using  5  cc.  for 
each  25  cc.  of  the  “Initial  Extract.”  One  tenth  volume  of  saturated  solution  of  sodium 
chloride  was  added,  and  the  pH  adjusted  to  6.0  with  l.ON  HCl.  Cold  95%  ethanol  uas 
then  added  to  a  final  concentration  of  55%  by  volume.  Complete  precipitation  occun  d 
after  a  few  hours  in  the  cold  and  the  suspension  was  then  centrifuged.  The  ionic  strength 
of  the  clear  supernatant  was  increased  by  adding  a  saturated  solution  of  .sodium  chloride, 
1.5  times  the  volume  previously  added,  and  the  gonadotrophins  were  precipitated  uy 
raising  the  ethanol  concentration  to  75%.  The  suspension  was  centrifuged  until  clear  n  id 
the  precipitate  washed  and  dried  as  was  the  previous  one.  This  was  designated  as  “Pri  I- 
uct  2.” 

“Product  2”  was  dissolved  in  cold  distilled  water  using  2  cc.  for  each  25  cc.  of  I  ic 
“Initial  E:<tract.”  The  ionic  strength  was  increased  by  the  addition  of  0.1  volunu  4 
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sat  rated  solution  of  sodium  chloride.  The  pH  was  adjusted  to  4.8  with  l.OX  IICl  and 
col'  ethanol  was  added  to  a  final  concentration  of  50%  by  volume.  Precipitation  was 
coi  plete  after  a  few  hours  in  the  cold,  and  the  suspension  was  centrifuged  until  clear. 
A  \  lume  of  saturated  solution  of  sodium  chloride,  equal  to  that  which  was  added  previ- 
ou>  "as  then  added  to  the  supernatant  solution  and  the  gonadotrophins  were 
pn  ipitated  by  increasing  the  ethanol  concentration  to  75%  by  volume.  The  suspension 
wa-  '  cntrifuged  until  clear,  and  the  precipitate  washed  and  dried  as  previously.  This  was 
clc>  j;nated  as  “Product  3.” 

Product  3”  was  dissolved  in  cold  distilled  water  using  4  cc.  for  each  25  cc.  of  the 
“111  Mai  Extract.”  Enough  crystalline  ammonium  sulfate  was  added  to  give  a  concen- 
tra  ion  of  0.4  saturation  (28.2%).  The  .suspension  was  centrifuged  until  clear,  and  the 
gm.  ulotrophins  were  then  precipitated  from  the  supernatant  solution  by  the  addition 
of  I  rystalline  ammonium  sulfate  to  raise  the  concentration  to  0.6  saturation  (42.4%). 
Th'  precipitated  gonadotrophins  were  recovered  by  centrifugation,  dissolved  in  a  small 
vol  iinc  of  distilled  water,  dialyzed  in  a  cellophane  tube*  against  cold  running  water  until 
frci  from  sulfate,  and  Ij'ophilized.  The  l3'ophilized  product,  a  white  amorphous  material 
vci.v  soluble  in  water,  was  designated  as  the  “Final  Product.”  Scheme  1  is  a  convenient 
flo^^  sheet  summarizing  this  method. 


RESULTS 

hjlimination  of  Impurities:  Tliis  method  eliminate.s  95%  to  97%  of  the 
inert  impurities  found  in  the  residue  of  ultrafiltered  urine.  This  is  shown 
in  Tables  1  and  2.  In  Table  1  the  dry  material  in  24  hours  of  the  “Ini¬ 
tial  Extraet”  weighed  107.3  mg.  but  after  purification  a  24  hour  aliquot  of 
till'  final  product  weighed  onh'  5.2  mg.  The  toxic  substances  are  elim¬ 
inated  to  such  an  extent  that  doses  up  to  100  hours  of  urinary  output  can 
b(‘  injected  into  a  single  immature  hypophysectomized  rat  without  ill  ef¬ 
fects.  Furthermore,  partially  purified  products  which  were  obtained  by  a 
simplification  of  this  method  have  been  injected  into  humans  without  toxic 
effects  (8). 

Similar  re.sults  were  obtained  when  the  human  pituitary  powder  was 
pioces.sed  in  the  same  manner.  Approximately  98%  of  the  inert  material 
was  removed. 

Recovery  of  the  Gonadotrophins:  The  elimination  of  the  contaminating 
.suh.stances  re.sulted  in  no  detectable  loss  of  the  gonadotrophic  activity  as 
can  be  .seen  from  Table  1,  where  the  products  obtained  during  the  purifica¬ 
tion  of  a  urine  were  assayed  in  doses  representing  equal  hours  of  urinary 
omput.  The  recovery  of  gonadotrophins  was  complete  whether  urine  of 
high  potency  (Table  2,  Urine  I  and  II)  or  low  potency  (Table  2,  Urine 
11!)  was  used.  The  gonadotrophins  were  thus  concentrated  by  this  method 
2P  to  33  times  over  their  concentration  in  the  “Initial  Extract.”  There  may 
in  fact,  be  some  enhancement  in  the  response  of  the  rat  ovary  to  the  more 
pn  ified  materials  (in  Table  1  compare  the  response  to  “Initial  Extract” 
wi  h  the  respon.se  to  “Final  Product”). 

Cellophane  sau.sage  casing,  size  27/32,  obtainable  from  Visking  Corporation, 
C!  Cago,  Illinois,  was  used. 
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Tabi.k  1.  Assay  of  the  ooxadotrophic  activity  ok  a  i  rixe  throichoct 
ITS  pvRiFicATiox  IX  Immature  Intact  female  rats 


Material  injected 

Total  dose  per  rat* 

Hours  of  Mg.  of  dry 

original  powder 

urine 

Uterine  weight, 
drained,  mg. 

Ovarian 
weight,  nv 

24 

107.3 

129 

53.8 

24 

107.3 

130 

93.7 

Initial  Extract 

24 

107.3 

129 

67.3 

24 

107.3 

80 

125.8 

Mean  Wcijjht  117  85.2 


24 

27.3 

82 

90.7 

24 

27.3 

84 

79.0 

Product  1 

24 

27.3 

102 

91 .3 

24 

27.3 

115 

96.0 

Mean  Weight 

96 

8'.1 . 8 

24 

17.3 

94 

88.5 

24 

17.3 

94 

139.8 

Product  2 

24 

17.3 

122 

125.0 

24 

17.3 

112 

89.5 

.Mean  Weight 

106 

110.7 

24 

13.7 

125 

99.5 

24 

13.7 

84 

114.3 

Product  3 

24 

13.7 

99 

114.1 

24 

13.7 

132 

80.0 

Mean  Weight 

110 

102.0 

24 

5.2 

98 

101  .5 

24 

5.2 

110 

107.6 

Final  Product 

24 

5.2 

102 

95.3 

24 

5.2 

125 

116.2 

Mean  Weight 

109 

105.2 

42 

15.0 

1  Tiinje<9e<l  Controls 

17 

13.2 

Mean  Weight 

30 

14.1 

*  I'!ach  total  dose  was  diluted  to  I)  ce.  so  that  each  assay  rat  received  1  cc.  suheutaneoii'ly 
twice  daily  for  3  days. 


Ill  Table  2  it  can  be  seen  that  purifying  the  pituitary  powder  resulteti  in 
no  loss  of  gonadotrophic  potency.  Each  assay  rat  received  a  total  (h'>e 
representing  the  material  olitained  from  30  mg.  of  dry  pituitary  powder. 

Electrophoretic  Analysis:  One  hundred  (100)  mg.  of  the  “Final  Prodin*” 
of  Urine  I  representing  oOO  aliquot  hours;  100  mg.  of  dialyzed  and  lyopi  I- 
ized  “Initial  Extract”  of  human  pituitary  glands  representing  0.5  gm.  if 
dry  pituitary  powder;  and  20  mg.  of  pituitary  “Final  Product”  represc  i- 
ing  4.3  gm.  of  dry  pituitary  powder,  were  each  dissolved  in  1 1  cc.  of  veroi  il 
bufifer  and  separately  analyzed  under  identical  experimental  conditio  '. 
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Table  2.  Comparison  of  the  gonadotrophic  activity  of  the  initial  extracts 

AND  THE  FINAL  PRODUCTS  OF  THREE  URINE  SPECIMENS  AND  HUMAN 
PITUITARIES  INJECTED  INTO  immature  intact  female  rats 


Total  dose  per  rat* 

Mean 
weight 
of  uterus, 
drained, 

Mean 

Miicerial  injected 

Source  of 
gonadotrophin 

Number 
of  rats 

Hours  of 
original 

mg. 

ovarian 

weight, 

mg. 

urine 

mg. 

Urine  I 

2 

5 

24.4 

101 

97.3 

Ini  ial  Extract 

Urine  II 

Urine  III 

2 

3 

12 

24 

54.9 

108.0 

133 

102 

59.9 

14.1 

Human  Pituitaries 

3 

(30  mg.t) 

8.2 

114 

217.4 

Urine  I 

2 

5 

1.0 

92 

103.1 

Fii'  il  Product 

Urine  II 

Urine  III 

2 

3 

12 

24 

2.7 

3.5 

186 

98 

84.0 

14.6 

Human  Pituitaries 

3 

(30  mg.tt 

0.14 

104 

245.5 

rnuijected  Controls  — 

4 

— 

— 

36 

14.2 

*  Each  total  dose  was  diluted  to  ti  cc.  so  that  each  assay  rat  received  I  cc.  subcutaneously 
twice  daily  for  3  days. 

+  Each  assay  rat  received  extract  representing  30  mg.  of  acetone  dried  anterior  pituitarj' 
powder. 


Figure  1  depicts  the  descending  boundaries  obtained  from  these  analyses. 
Three  major  components  a,  h,  and  c,  common  in  both  the  urinary  and 
pituitary  purified  gonadotrophins,  are  observed  moving  away  from  the 
false  boundary  e  as  anions.  The  electrophoretic  mobilities  at  pH  8,6  and 
the  relative  concentrations  of  these  components  have  been  calculated  and 
tabulated  in  Table  3.  The  absolute  concentrations  of  a,  h,  and  c  have  also 
hei'ii  calculated,  assuming  that  no  material  is  present  under  the  false  bound- 


Fig.  1.  Dp.sci'iiding  electrophoretic  pat¬ 
terns  of;  .\)  purified  human  urinary  gona¬ 
dotrophins  (Urine  I)  from  a  subject  having 
puberal  seminiferous  tubular  failure;  H) 
ini'ial  extract  of  human  pituitaries;  C) 
pirified  human  pituitary  gonadotrophins. 
Pc  Items  wen*  recorded  after  90  minutes 
m'irration  in  veronal  buffer  pH  8.6,  ionic 
sti  ngth  0.1,  under  the  influence  of  7.4 
vt  ts/cni. 
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Table  3.  Electrophoretic  mobilities  and  concentrations  ok  components 
a,  h,  and  c  ok  the  kinal  prodkct 


Concentration 

Electropiioretic  -  - 

('oinponent  mobility,  Urine  I  Human  jiituitaries 

cm.*  Hee.~'volt“‘ X  HP  -  -  - 


%  of  total 

Gm.  /  laOcc. 

%  of  total 

Gm.  /  lOOcc. 

<1 

-5.2 

28 

0.27 

2ti 

0.05 

h 

-3.8 

54 

0 . 50 

42 

0.08 

c 

-2.6 

18 

0.15 

32 

0.06 

aries.  The  “Initial  Extract”  of  the  human  pituitaries  shows  the  presence 
of  a  number  of  components  mip:rating  in  the  region  of  a,  h,  and  c,  and  in 
addition  one  slower  and  one  faster  component. 

Electrophoretic  Fractionation  and  Biological  Activity:  The  electrophoresis 
of  the  “Final  Product”  of  Urine  I  was  continued  until  the  component  a 
had  migrated  the  full  length  of  the  cell.  Several  fractions  were  withdrawn 
with  the  aid  of  the  sampling  device.  No  such  fractions  could  be  obtained 
from  the  “Final  Product”  of  the  pituitary  glands  due  to  difficulties  in  de¬ 
tecting  the  extremely  weak  boundaries  after  their  full  migration.  Figure  2 
shows  the  appearance  of  the  ascending  and  descending  boundaries  of  the 
urinary  “Final  Product”  placed  along  the  sides  of  a  diagrammatic  sketch 
of  the  electrophoretic  cell,  which  illustrates  the  degree  of  separation  of 
the  components  a,  h,  and  c,  at  the  time  of  fractionation.  Three  fractions 
were  withdrawn  from  each  limb,  indicated  by  the  horizontal  lines  in  Figure 
2,  and  marked  with  Roman  numerals  followed  by  the  letters  “A”  or  “D.” 
The  components  present  in  each  fraction  are  illustrated  in  Figure  2,  and  are 
tabulated  in  Table  4. 


Fig.  2.  Electrophoretic  patterns  of  purified  urinary  gonadotrophins  and  diagraniatic 
sketch  of  the  eli'ctrojihoretic  cell  illustrating  the  degree  of  the  sejiaration  of  the  compo¬ 
nents  rt.  h,  and  c  at  the  time  of  the  fractionation. 


The  total  dose  was  diluted  to  5  ee.  so  that  eaeh  assay  rat  received  (l.o  ee.  suheiitaiieously  twiee  daily  for  5  day 
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Tlie  electrophoretic  fractions  obtained  were  dialyzed  against  water  until 
free  from  buffer  salts  before  they  were  assayed  in  both  female  and  male 
immature  hypophysectomizcd  rats.  A  total  dose  of  0.26  cc.,  repre.senting  the 
purified  material  derived  from  12  hours  of  the  original  urine,  was  diluted 
up  to  o  cc.  and  administered  to  each  rat.  The  unfractionated  “Final  Prod¬ 
uct”  was  assayed  concurrently.  Xo  direct  determination  of  the  nitrogen  or 
dry  weight  present  in  each  fraction  was  undertaken  becau.se  of  the  limited 
amount  of  the  available  material.  However,  the  total  dry  weight  as  well 
as  that  of  each  of  the  components  pre.sent  in  the  total  dose  given  to  each 
animal  were  estimated  from  the  electrophoretic  patterns,  assuming  that  the 
mean  concentration  of  a  component  in  the  region  occupied  by  its  boundary 
is  one  half  its  concentration  in  the  analyzed  solution.  The.se  estimates  and 
the  re.sults  of  the  as.says  are  recorded  in  Table  4.  Because  of  diffusion  and 
possible  convection  during  the  electrophoresis  and  sub.sequent  fractiona¬ 
tion,  it  is  a.ssumed  that  each  fraction  is  contaminated  with  “traces”  of  the 
adjacent  component. 

The  progestational  uterus  devoid  of  fluid  obtained  by  the  injection  of 
Fraction  III-A,  and  the  progestational  uterus  nearly  devoid  of  fluid  ob¬ 
tained  with  the  unfractionated  “Final  Product”  indicate  that  all  three 
gonadotrophic  effects  are  present  in  the  purified  human  urinary  gonado¬ 
trophins  (6).  Fractions  IV-D  (containing  traces  of  component  c),  and  I-A 
(a,  plus  traces  of  b)  did  not  cause  stimulation,  thus  indicating  the  absence 
of  FSH  and  ICSH  from  the  component  a  and  the  false  boundary  e.  Mini¬ 
mal  stimulation  was  observed  in  the  animals  which  received  Fraction 
V-I)  (c,  plus  traces  of  b),  but  significant  re.sponses  were  obtained  from  the 
assay  of  the  rest  of  the  fractions,  all  of  which  are  rich  in  component  b. 

DISCUSSION' 

Although  the  three  gonadotrophins,  FSH,  ICSH,  and  Luteotrophin, 
when  prepared  from  animal  pituitary  glands,  appear  to  be  proteins  distinct 
from  each  other  (9),  it  is  not  known  whether  the  human  urinary  and  pitui¬ 
tary  gonadotrophins  are  also  .substances  distinct  from  each  other,  or  only 
one  sulistance  posse.s.sing  all  three  gonadotrophic  effects.  Inconclusive  re¬ 
sults  were  obtained  from  previous  attempts  to  separate  them  by  chemical 
fractionation  (10),  and  to  characterize  them  bj'  paper  electrophoresis  (11, 
12).  The  utilization  of  free  boundary  electrophoresis  in  the  pre.sent  work 
has  definitely  demonstrated  that  the  human  gonadotrophins  move  as  an¬ 
ions  at  pH  8.6,  and  has  revealed  the  existence  of  three  major  components 
in  the  purified  products.  The  fact  that  no  loss  of  any  of  the  three  gonado¬ 
trophic  activities  was  ob.served  after  extensive  dialysis  of  human  urinary 
or  pituitary  preparations,  and  their  apparent  migration  as  anions  on  elec¬ 
trophoresis  at  pH  8.6,  indicate  that  they  are  protein-like  .substances  of 
high  molecular  weight,  or  that  they  are  strongly  a.s.sociated  with  such  sub- 
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'taiices.  The  feasil)ility  of  purifying  human  gonadotrophins  either  from 
urine  or  pituitary  glands  by  subjecting  tliem  to  identical  protein  fractiona¬ 
tion  procedures  suggests  that,  regardless  of  the  source,  they  are  similar  to 
each  other. 

It  is  tempting  to  believe  that  each  of  the  observed  electrophoretic  com¬ 
ponents  (a,  b,  and  c)  represents  a  different  gonadotrophin,  one  being  FSH, 
another  the  ICSH,  and  the  third  the  Luteotrophin.  The  fact  that  these 
components  were  the  only  ones  observed  in  l)oth  the  urinary  and  the  pitui¬ 
tary  “Final  Products”  adds  impetus  to  this  belief. 

Thus,  the  observation  that  the  component  a  alone  (Fraction  1-A)  does 
not  cause  any  stimulation  in  the  hypophysectomized  male  or  female  rat, 
but  in  the  presence  of  b  and  c  (Fraction  II-A,  and  “Final  Product”)  pro¬ 
duces  progestational  uteri,  could  be  interpreted  as  meaning  that  compo¬ 
nent  a  is  the  Luteotrophin.  Component  c,  which  when  present  alone  (Frac¬ 
tion  V-D)  causes  some  stimulation  in  the  male,  could  be  interpreted  as  be¬ 
ing  the  ICSH,  and  component  b,  which  whenever  present  in  the  fractions 
(along  with  some  c)  causes  a  good  stimulation,  could  be  thought  of  as  being 
the  FSH.  The  minimum  stimulation  caused  by  Fraction  V-D  (component 
(•  or  ICSH)  in  one  of  the  female  rats,  could  be  explained  by  the  unavoidable 
contamination  with  the  adjacent  component  b  (FSH). 

However,  as.suming  that  the  weight  response  of  the  anterior  prostate  and 
the  .seminal  vesicles  is  primarily  a  mea.sure  of  ICSH  activity,  and  that  the 
I  increase  of  uterine  and  ovarian  weight  indicates  the  total  gonadotrophic  ac¬ 

tivity,  we  can  compare  the.se  activities  to  the  concentration  of  each  of  the 
components  a,  b,  and  c  present  in  each  fraction.  Inspection  of  Table  4  shows 
that  both  the  ICSH  and  the  total  gonadotrophic  activities  increase  as  the 
concentration  of  component  b  increases,  and  that  there  is  no  correlation  of 
either  one  of  them  with  the  concentration  of  a  or  c.  This  suggests  that  both 
the  FSH  and  the  ICSH  activities  are  associated  with  component  b. 

Thus,  despite  the  finding  of  three  components  migrating  .separately  in 
the  electrophoretic  cell  when  highly  purified  human  urinary  and  pituitary 
gonadotrophins  were  .subjected  to  analysis,  biological  a.s.say  failed  to  con¬ 
firm  that  these  three  components  represent  FSH,  ICSH  and  Luteotrophin. 
Since  separation  of  the  three  gonadotrophin  factors  was  not  demonstrated 
in  the.se  experiments,  we  must  continue  to  con.sider  the  po.ssibility  that  in 
the  human  being  a  single  sub.stance  having  three  actions  may  exist. 
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THE  EFFECT  OF  HYPOGLYCEMIA  ON  THE  ADRENAL 
SECRETION  OF  EPINEPHRINE  AND  NOREPINEPH¬ 
RINE  IN  THE  DOG^ 
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AND  JOHN  E.  BETIIFNE^ 

Departments  of  Medicine,  Harvard  Medical  School  and  the  Peter  Bent  Brigham  Hospital, 

Boston,  .\[assachusetts 

ABSTRACT 

A  modification  of  tlic  sensitive  flnorometrie  procedure  of  Weil-Mallierl)e 
and  Itone  has  been  applied  to  a  study  of  tl>e  changes  in  epinephrine  and 
norepinephrine  in  adrenal  venous  and  peripheral  venous  plasma  of  24  lightly 
anesthetized  moiiffrel  doKs. 

Insulin  hypoglycemia  produce(l  a  marked  incnaise  in  tin*  adrenal  secretion  of 
epinephrine  and  a  much  less  marked  increase  of  norepinephrine.  The  infusion 
of  glucose  i)roduced  a  rapid  decline  in  tin*  elevatcal  secretion  rate  of  both 
epinephrine  and  norepinephrine  while  the  administration  of  amphenone  i)ro- 
duced  no  significant  change.  .\n  increase  in  both  epinephrim*  and  norepi¬ 
nephrine  in  response  to  hypoglycemia  was  obscu  ved  in  peripheral  plasma. 

The  increased  secretion  of  .synipatlioiniinetic  amines  occurring  in  re- 
spon.se  to  insulin-induced  liypoglycemia  was  first  demonstrated  in 
1924  by  Cannon,  MacIver  and  Bliss  (1)  and  in  the  same  year  by  Houssay, 
Molinelli  and  Lewis  (2).  In  a  series  of  studies  extending  over  several  years 
Satake  (3)  found  an  increase  in  the  content  of  these  substances  in  blood 
collected  directly  from  the  adrenal  vein  of  the  hypoglycemic  dog.  Following 
the  demonstration  of  the  presence  of  norepinephrine  in  the  adrenal  medulla 
in  1947  by  Holtz,  Credner  and  Kroneberg  (4)  and  in  adrenal  venous  blood 
by  Biilbring  and  Burn  in  1949  (o),  a  small  increase  of  this  amine  was  ob¬ 
served  in  the  adrenal  venous  blood  of  the  hypoglycemic  cat  (b).  An  increa.se 
in  the  epinephrine  concentration  of  peripheral  plasma  of  the  hypoglycemic 
dog  has  also  been  reported  (7,  8).  The  ob.servations  of  total  .sympathomi¬ 
metic  amine  content  of  adrenal  venous  blood  following  hypoglycemia  have 
been  evaluated  to  date  exclusively  l)y  bioassay  technicpies.  Results  of  the 
present  study,  facilitated  by  a  recently  developed  sensitive  flnorometrie 
procedure  to  detect  changes  of  epinephrine,  norepinephrine  and  total 
catecholamines  in  plasma,  indicate  that  hypoglycemia  leads  to  an  increase 
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in  adrenal  medullary  secretion  of  both  epinephrine  and  norepinephrine  in 
the  dog,  an  increase  overcome  by  the  administration  of  glucose  but  not 
amphenone. 

This  work  has  previously  been  reported  in  alistract  form  (9). 

METHODS 

'I'he  following  studies  were  performed  on  male  mongrel  dogs  weighing  between  15 
and  30  kg.  They  were  anesthetiz(‘d  with  30  mg.  of  pentobarbitol  per  kg.  of  body  weight 
and  were  maintained  in  the  first  plane  of  surgical  anesthesia  for  (‘xperiments  performi'd 
on  the  .same  day.  The  animals  used  for  study  24  hours  postoja'ratively  were  allowed  to 
recover  and  were  re-anesthetized  30  minutes  b(‘fore  the  experiment.  The  right  lumbo- 
adrenal  vein  was  cannulated  and  a  polyethylene  ehoker  was  placed  around  the  v('in 
proximal  to  the  gland  in  such  a  fashion  as  to  make  po.ssible  the  intermittent  collection  of 
adrenal  venous  effluent.  Peripheral  blood  was  obtained  b\’  an  indwelling  catheter  in  the 
femoral  vein.  Samples  of  blood  were  collected  into  heparin,  chilled  in  ice  and  the  plasma 
was  .separated  by  centrifugation,  frozen,  and  stored  at  —4°  C.  Experiments  were  begun 
at  intervals  from  30  minutes  to  24  hours  following  completion  of  the  opc'rative  procedur<‘. 
The  small  volumes  of  adrenal  venous  blood  collected  were  not  reston'd  but  peripheral 
venous  samples  when  taken  were  re|)laccd  by  an  equivalent  volume  of  donor  dog  blood. 
Epinephrine  and  norej)inephrine  wt'rc  d(‘t('rmined  by  a  modification  of  the  fluorometric 
procedure  of  Weil-Malherbe  and  Hone  (10).  In  this  procedure  epinephrim'  intc'rfercs 
with  the  determination  of  norepinephrine  when  iu)repinephrine  is  present  at  less  than 
5%  of  the  concentration  of  epinephrim*  (11).  The  resultant  values  are  somewhat  higher 
than  would  be  found  if  there  were  m»  interfen'iice.  They  are  noted  in  tin*  tables  with  an 
asterisk  (*).  Blood  glucose  was  determined  by  the  Nelson  modification  of  the  Somogyi 
procedure  (12)  and  blood  17-hj(lroxycorticosteroids  were  determined  by  the  method 
of  Nelson  and  Samuels  (13).  Amplu'none  does  not  interfere  with  the  measurement  of 
catecholamines  or  17-hydroxj’cortieosteroids  in  plasma  by  these  methods,  but  it  does 
contribute  very  slightly  to  the  reducing  substances  measured  by  the  glucose  procedure. 

RESULTS 

Studies  were  performed  on  24  animals  grouped  as  follows:  7  animals  re¬ 
ceived  in.sulin;  4  animals  received  insulin  followed  by  glucose;  5  animals 
received  insulin  followed  by  amphenone  and  the  remaining  animals  were 
treated  as  specified  below.  The  results  of  the  epinephrine  and  norepineph¬ 
rine  determinations  on  adrenal  vein  samples  obtained  10  minutes  to  24 
hours  following  completion  of  the  surgical  procedure  are  pre.sented  in 
Table  1.  No  significant  difference  in  the  secretion  of  the.se  substances  was 
found  in  the  samples  collected  1  hour,  2-4  hours  and  24  hours  following 


Tabi.e  1.  Postoperative  epinephri.ve  and  norepinephrine  in  adrenal 
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Time 

jiostoperative 

No.  of 
samples 

No.  of 
'  animals 

Epinephrine, 

mMg./kg./min. 

iS.D. 

Norepinephrine, 

m/ug./kg./min. 

±S.D. 

0  -30  min. 

(> 

i  3 

4.  4+4.  9 

1.  4+0.87 

1  iir. 

0 

'  3  ■ 

'  0.57+0.10 

1.  0+0.84 

2-4  hr. 

1  19 

0 

i  0.57+0.52 

0.45+0.20 

22-24  hr.  1 

i 

O 

1  0.38+0.47 

0.84+0.92 

1 
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surgery.  The  secretion  of  epinephrine  appeared  to  be  elevated  in  the  few 
samples  obtained  during  the  first  30  minutes. 

One  unit  of  crystalline  zinc  insulin  per  kg.  was  administered  intrave¬ 
nously  in  a  single  rapid  injection  to  7  dogs  following  the  collection  of  control 
specimens.  The  results  of  epinephrine,  norepinephrine  and  blood  glucose 
determinations  on  samples  of  adrenal  venous  blood  collected  at  intervals 
for  the  next  3  hours  are  shown  in  Table  2.  The  mean  values  are  illustrated 
graphically  in  Figure  1.  Although  there  was  great  variation  in  the  magni- 
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PERIODS  IN  MINUTES  FOLLOWING  INSULIN 

Fig.  1.  Tlie  effect  of  insulin  induced  hypoglycemia  on  the  secretion  of  epinephrine 
and  norepinephrine  from  the  adrenal.  The  mean  values  obtained  in  the  8  experiments 
in  'table  2  are  illustrated. 


lude  of  the  response,  a  marked  increa.se  in  epinephrine  output  over  control 
values  occurred  in  each  animal.  The  peak  output  as  measured  occurred  (K) 
to  120  minutes  after  the  injection  of  insulin  and  was  16  to  several  hundred 
fold  greater  than  the  control  level.  It  appeared  to  correspond  in  an  inverse 
manner  to  the  changes  observed  in  blood  gluco.se  concentrations.  An  in¬ 
crease  in  the  output  of  norepinephrine  was  also  observed  but  was  much  less 
than  that  of  epinephrine. 

The  results  of  a  similar  study  in  4  animals  to  whom  10-25  gm.  of  glucose 
was  administered  intravenously  70-100  minutes  following  the  administra¬ 
tion  of  insulin  are  shown  in  Table  3.  Samples  obtained  at  intervals  of  5, 
10  and  20  minutes  following  the  administration  of  glucose  showed  a 
marked  and  more  rapid  reduction  in  the  secretion  rate  of  epinephrine  and 
norepinephrine  than  was  noted  in  the  group  not  treated  with  glucose.  The 
mean  values  obtained  in  this  experiment  are  illustrated  in  Figure  2. 

These  results  contrast  sharply  with  an  experiment  in  which  the  same 
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Tabi.k  3.  The  ekfect  of  ou  cose  on  epinephrine  and  norepinephrine  in  doo 

ADRENAL  VENOUS  PLASMA  FOLLOWINO  INSULIN  ADMINISTRATION 


Adrenal  venous  blood  levels 

Exp. 

Wt.  in 

Hours 

Substance 

Control 

Experimental  periods  in  mirjul^s  ! 

followinR  injection  Of  insulin^  ’  of  glucose^ 

No. 

k(E. 

operative 

measured* 

pt'riods 

20-11 

UF  1 

15-24 

25-30 

4(F54  55-60 

7(F84  85  00  i  5 

A." 

20 

9 

18 

} 

E 

6.1 

6.2  i 

13 

24 

41  40 

57  1  38  13 

13 

NE 

l.i) 

0.0 

2.5 

3.8 

6.0,  6.0 

5.0  3.7  2.0 

2.0 

(I 

106 

92 

40 

46 

40  1 1 

10 

17 

4 

E 

2.5 

0.4 

1.4 

4.6  106 

50  1  63  i 

7.4 

NE 

6.0 

2.1 

5.0 

4.0,  10 

3.0  9.0  1 

2.0 

C 

62 

1  25 

1  28  ;l 

11 

24 

24 

E 

0.0 

1.0 

6.1 

.30 

32  1  60 

:  ii 

0.8 

7_j' 

NE 

0.0 

0.0 

0.3 

2.4 

2.1  7.1 

! 

0.0 

0.2 

(i 

108 

71 

i 

1 

12 

22 

4 

E 

0.3 

0.3 

1  0.4 

13  1 

52  1  76  1 

5.3 

NE 

0.2 

0.3 

1  0.4 

1.2 

4.5!  4.0:, 

1.3 

(I 

81 

!  50 

38 

25  1  10  ,1 

264 

•  E  =cpinephrine  iii/iK  /kg-/niin.  in  pla.sina. 

NE  =  norepinephrine  niMK./kg.,  min.  in  plasma. 

(■  “glucose  mg.  %  in  blood. 

•  .\dministered  intravenously  in  dtwe  of  1  unit  kg. 

•  .\dministered  intravenoxisly  in  dose  of  10-25  Rrams  at  100  min.  in  experiments  1,  2,  and  4  and  at  70  min.  in  experi¬ 
ment  3. 


of  insulin  was  administered  intravenously  simultaneously  with  30  gm. 
of  glucose  to  a  80  kg.  dog.  An  increase  in  tlie  adrenal  secretion  of  norepi¬ 
nephrine  and  epinephrine  failed  to  occur  in  this  animal. 

The  administration  of  insulin  at  a  dosage  of  2  units  per  kg.  to  two  ani¬ 
mals  as  a  single  injection  induced  changes  similar  in  magnitude  to  those 


INSULIN 
I  u.  /  kg.  i .  V. 


GLUCOSE 
IO-25gm.  i.v. 


BLOOD  GLUCOSE 
mg.  %  • - • 


TOTAL 

CATECHOLAMINES 
myug  /min. /kg 

I  I  Epinaphrin* 

H  Norepinephrine 


Meon  of  four 
enperimente 


0- 

-20 


15/24  25/39  ‘•O/54  55/gg  ^0/89 


g 


PERIODS  IN  MINUTES  FOLLOWING  INSULIN  AND  GLUCOSE 


Fig.  2.  The  uffoct  of  glucose  administration  on  the  secretion  of  epinephrine  and 
norepinephrine  by  the  adrenal  during  hypoglycemia.  The  mean  values  obtained  in  the 
4  e.xperiments  in  Table  3  are  illustrated. 
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observed  after  the  injection  of  1  unit.  The  intravenous  infusion  of  one  unit 
of  insulin  per  kg.  in  normal  saline  over  90  minutes  resulted  only  in  a  slightly 
delayed  peak  in  a  third  animal.  These  three  experiments  are  not  included 
in  the  tables. 

Amphenone’’  (3,3-di  (p-aminophenyl)  butanone-2  dihydrochloride)  has 
been  shown  to  inhibit  adrenocortical  steroidogenesis  both  in  vivo  (14)  (15) 
and  in  vitro  (10).  The  following  study  was  undertaken  to  evaluate  its  effect 
on  the  adrenal  medullary  secretion  of  epinephrine  and  norepinephrine  in 
response  to  hypoglycemia.  Five  animals  were  treated  as  in  the  preceding 
experiments  except  that  .iOO  mg.  of  amphenone  were  administered  intra¬ 
venously  over  a  two  minute  period  05  minutes  following  the  injection  of 
insulin.  In  addition,  blood  17-hydroxycorticosteroids  were  determined  on 
the  adrenal  venous  samples  obtained.  Xo  significant  effect  on  the  .secretion 
of  epinephrine  and  norepinephrine  could  be  demonstrated  (Table  4,  Fig.  3), 
although  a  prompt  but  transient  fall  in  the  adrenal  secretion  of  steroids  was 
seen.  The  maximal  secretion  rate  of  17-hydroxycorticosteroids  occurred 
much  earlier  than  did  that  of  epinephrine.  Indeed,  in  three  of  the  five  ex¬ 
periments  the  rise  in  steroids  was  maximal  at  20  minutes  when  no  signifi¬ 
cant  ri.se  in  epinephrine  was  ob.served. 

The  epinephrine  and  norepinephrine  concentration  in  peripheral  venous 
plasma  was  studied  in  12  experiments.  There  was  a  variable  increase  in  the 
level  of  epinephrine  over  the  control  level  in  each  experiment  performed 
and  the  mean  of  the  highest  levels  observed  during  hypoglycemia  are  il¬ 
lustrated  in  Table  5.  Two  animals  in  which  extremely  high  levels  (11 
/ig.  L.  and  16.5  ng.  L.)  of  norepinephrine  were  found  in  the  peripheral 
plasma  have  been  excluded  from  these  calculations  because  of  pronounced 
muscular  activity  due  to  the  occurrence  of  a  pneumothorax  in  one  in.stance 
and  a  marked  lightening  of  anesthesia  in  the  other.  However,  this  increase 
in  peripheral  concentration  was  not  associated  with  an  unusual  increa.se  in 
the  adrenal  .secretion  of  norepinephrine. 

DISCUSSION' 

The  resting  .secretory  rate  of  the  adrenal  medulla  of  the  dog  has  not  been 
adeipiately  evaluated  becau.se  of  the  problems  involved  in  obtaining 
adrenal  vein  blood  samples  without  some  degree  of  manipulation  or  excite¬ 
ment.  Results  of  more  correctly  termed  “control”  values  for  the  content  of 
total  catecholamines  obtained  by  bioas.say  of  adrenal  venous  blood  in 
acutely  operated,  nonanesthetized  (3,  17)  and  anesthetized  (18)  dogs  have 
varied  from  15  to  31  ni/ig.  kg.  min.  The  .secretion  rates  from  one  adrenal 
obtained  24  hours  following  surgery  in  this  studj'  of  0.38  +0.47  ni/xg./  kg./ 

’  (3,.‘i-di  (p-ainiiiophenyl)  Ijutanonc-'i  diliydrochloridc)  kindly  supplied  by  tin*  t'j)- 
john  Company,  Kalamazoo,  Michigan  and  (lha  Pliarmaccutical  Products,  Incorporated, 
Summit,  New  .lorsey. 
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Table  4.  The  effect  of  amphenoxe  ox  eimxephrixe,  xorepixephrixe  and 

BLOOD  17-HYDROXYCORTICOSTEROIDS  IX  DO(i  ADREXAL  VEXOCS  EFFI-CEXT 
FOLLOWIXO  IXSCLIX  ADMIXISTRATIOX 


Adrenal  venous  blood  levels 


Exp.  \Vt.  in  Substance  Control  |  Experimental  periods  in  minutes  following  injection  of 

No.  ;  kg.  '  nieasured'  periods  I  insulin.-  .Amphenone^  injected  at  65  minutes 


20 

10 

20 

40 

60 

80 

95 

110 

125 

13  ' 

20.4  1 

1 

K 

0.?,  ; 

0.2 

0.7 

4.3 

12  I 

18 

24 

34 

NK 

0.3 

0.1 

0.5 

3.0 

1.9 

3.1 

2.3 

4.3 

o 

70 

40 

25 

19 

16 

15 

14 

17-oncs 

3.1 

5.1 

33.6 

11.3 

10.4 

10.2 

7.2 

15.7 

14 

16.0  1 

1  1 

K 

2.0 

2.2 

111 

124 

111 

95 

111 

NK 

0.7 

o!7 

24 

25 

14 

16 

13 

C 

82 

48 

33 

25 

25 

29 

17-OUC'S 

13.6 

7.8 

11.2 

10.8 

3.7 

9.6 

9.6 

LI 

14. 5 

30' 

E 

1.0 

1.8 

1.3 

2.9 

15 

9 

9 

15 

15 

NE 

0.0 

1.1 

0.3 

1.3 

2.6 

1.8 

1.8 

2.6 

2  2 

O 

77 

51 

33 

31 

33 

31 

20 

24  ' 

17-OHCS 

25.0 

26.2 

36.4 

37.2 

35.1 

10.6 

16.3 

11 .0 

17.9 

16 

22.2 

1 

E 

0.9 

0.2 

0.6 

12 

12 

66 

NE 

0.5 

0.1 

0.1 

1.9 

1.9 

1.1* 

O 

87 

50 

1  24 

25 

25 

! 

17-OHrS 

3.1 

2.4 

9.3 

1  3.0 

1  10.4 

2.2 

2.8 

10.2 

3.7 

17 

26.0 

3 

E 

0.2 

:  0.4 

4.1 

28 

45 

57 

58 

NE 

0.2 

0.2 

1 .8 

1  11* 

1.5* 

1.2* 

1.1* 

C 

87 

,  52 

1  43 

52 

38 

17-onrs 

0.6 

0.0 

20.7 

26.1 

25.1 

4.8 

1 .8 

16.5 

15.9 

*  E  ^Epinephrine  mMK*/kg.  niin.  in  plasma. 

NE  »  Norepinephrine  m^K^/M'/min.  in  plasma. 

G  =Gluco6e  niR.  %  in  blood. 

17-OHCS  *  17-hydroxycorticosteroids  in  blood  inin. 
^  Administered  intravenously  in  dose  of  1  unit/kft. 

*  Administered  in  ravenously  in  dose  of  500  mg. 

*  Inaccurate  estimation  of  NE  (see  text). 


INSULIN  AMPNENONC 


Meon  of  five  TIME  IN  MINUTES 

eKperiments 


Fig.  3.  Tlie  effect  of  amplienone  on  the  adrenal  secretion  of  amphenone,  epine[)hrine 
and  norepinephrine.  The  mean  of  values  obtained  in  H  experiments  in  Table  4  is  illus¬ 
trated. 
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Table  5.  Effect  of  ixsvlin  hypoglycemia  on  epinephrine,  norepinephrine 

AND  TOTAL  CATECHOLAMINES  IN  PERIPHERAL  VENOUS  PLASMA  IN  8  DOGS 
STUDIED  UNDER  ANESTHESIA  1  TO  24  HOURS  POSTOPERATIVELY 


Time  of 
sampling 

Epinephrine, 

»ig.  -  E.  ±S.I). 

Norepinephrine, 
mK-  /E-  i  S.l). 

Total  eatecholamines, 
mk  /E.  ±S.D. 

llefore  insulin' 

0.7+0.46 

0.0+0.55 

,  1.6+0.01 

(>0-120  min. 

after  insulin 

2.4±1.22 

1 .7  ±0.08 

4.2  +  1.81 

'  Insulin  administiTod  intravenously  in  dose  of  1  unit  kg. 


mill,  for  epinephrine  and  0.84  ±0,92  m/ig.  kg.  min.  for  norepinephrine 
agree  closely  with  those  reported  hy  Lund  who  found  less  than  2  ni/ig.,  kg. 
min.  epinephrine  and  less  than  4  ni/ig, /kg./min.  norepinephrine  in  adrenal 
vein  blood  obtained  from  dogs  under  chloralose-morphine-pentobarbitol 
anesthesia  using  a  less  sensitive  fluorometric  technique  (19).  Aronow,  using 
a  procedure  similar  to  that  employed  in  this  study,  found  secretion  rates  of 
17  +  12.9  ni/ig.  kg.  min.  for  epinephrine  and  3.4 +2.6  m/xg.  kg.  min.  for 
norepinephrine  in  the  adrenal  vein  blood  of  dogs  that  were  subjected  to  a 
more  extensive  surgical  procedure  prior  to  the  collection  of  samples  (10). 
•Vlt hough  two  of  the  dogs  in  this  .study  had  high  levels  of  both  .substances 
30  minutes  following  the  operation,  the  levels  fell  very  rapidly  and  there 
was  no  significant  difference  between  the  levels  at  3  hours  and  at  24  hours. 
These  very  low  rates  of  secretion  are  in  agreement  with  Cannon’s  original 
observation  that  the  adrenal  medulla  does  not  secrete  continuously. 

The  marked  and  relatively  rapid  increase  in  adrenal  medullary  secretion 
occurring  in  respon.se  to  hypoglycemia  in  these  experiments  was  similar  in 
degree  and  time  relationship  to  that  found  by  Satake  in  the  dog  (3)  and 
Duller  in  the  cat  (6).  Duner  also  ob.served  a  return  toward  control  levels 
following  the  administration  of  glucose.  Satake  measured  only  total  cate¬ 
cholamines  while  Duner  estimated  both  epinephrine  and  norepinephrine 
and  found  in  the  cat  that  the  increa.se  was  mainly  due  to  enhanced  epineph¬ 
rine  production.  However,  the  proportion  of  epinephrine  to  norepinephrine 
in  the  adrenal  .secretion  of  the  cat  is  lower  than  in  the  dog  .so  that  the  con¬ 
trol  secretion  of  epinephrine  constituted  approximately  10%  of  the  total 
amines  and  at  the  peak  secretion  rate  was  .slightly  greater  than  50%  of 
the  total  .secretion.  In  the  pre.sent  study  in  the  dog,  the  increa.se  was  also 
mainly  due  to  epinephrine  but  the  proportion  rose  from  50-88%  of  the 
total  to  87-98%  at  peak  secretion  rates.  In  both  instances  norepinephrine 
increased  modestly. 

It  would  appear  that  the  protective  mechani.sm  of  the  adrenal  cortex 
was  stimulated  earlier  than  that  of  the  medulla  in  the  dog  in  response  to 
hypoglycemia  for  in  these  experiments  a  30  mgm.%  fall  in  blood  glucose 
produced  an  increa.se  in  17-ln’droxy corticosteroids  20  minutes  after  the 
insulin  injection  at  a  time  when  no  significant  change  in  epinephrine  .secre¬ 
tion  had  occurred. 
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A  significant  effect  of  ampfienone  on  the  release  of  epinephrine  and 
norepinephrine  from  the  dog  adrenal  medulla  was  not  demonstrable  in  this 
series  of  experiments.  However,  a  decrease  in  17-hydroxycorticosteroid 
secretion  similar  to  that  noted  by  Nelson  and  Hume  (14)  and  by  Tullner, 
draff,  and  Hertz  (15)  was  observed,  suggesting  a  specific  rather  than  a  gen¬ 
eral  toxic  effect  on  the  adrenal  glands. 

An  increase  in  the  concentration  of  epinephrine  and  norepinephrine  in 
peripheral  plasma  obtained  from  the  femoral  vein  was  also  ob.served  during 
hypoglycemia.  The  percentage  increase  in  epinephrine  over  norepinephrine 
in  blood  from  the  femoral  vein  was  not  as  great  as  that  in  blood  coming 
directly  from  the  adrenal  medulla  and  most  probably  represents  the  addi¬ 
tion  of  norepinephrine  secreted  peripherally  at  post-ganglionic  sympathetic 
synap.ses.  Studies  in  man  utilizing  the  same  method  have  shown  a  similar 
increase  in  epinephrine  concentration  during  hypoglycemia;  however,  sig¬ 
nificant  changes  in  norepinephrine  were  not  observed  (21).  The  values  ob¬ 
tained  are  in  agreement  with  those  found  in  the  dog  by  the  paper  chromato¬ 
graphic  technique  employed  by  Holzbauer  and  Vogt  (7)  and  the  fluoro- 
metric  technique  used  by  Millar  (8). 
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A  THEORY  FOR  A  QUANTITATIVE  IN\  ESTIGATION 
OF  THE  TURNOVER  OF  IODINE  IN 
THE  THYROID  GLAND 
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ABSTRACT 

A  theory  was  set  up  for  the  in  vivo  or  in  vitro  investigation  of  the  turnover 
of  iodine  in  tlie  thyroid  gland  using  radioiodine.  In  this  study,  there  was 
assumed  to  be  a  continuous  passage  into  the  gland  of  extracellular  inorganic 
iodide  and  a  continuous  passage  out,  of  iodinat(‘d  substance(s).  There  were  no 
conditions  whatever  placed  on  the  nature  of  the  intermediate  metabolism, 
such  as  passage  through  special  compartments  in  the  gland,  nor  on  the  chemical 
identity  of  the  end  products.  The  anal\’sis  attempted  to  disclose  whether  the 
discharged  iodinated  products  can  be  put  into  more  than  one  class — each 
class  being  characterized  by  containing  iodine  which  has  a  distinctly  different 
rat(‘  of  turnover  in  the  thyroid  gland.  .Assuming  a  st(‘adj’  state,  the  theor\’  was 
further  developed  to  determine  the  critical  parameters  of  this  system;  the  rate 
of  passage  of  inorganic  iodide  into  the  thyroid,  and,  the  mean  rate  of  passage 
out,  of  iodine  in  each  class. 

\\'hile  this  theory  was  proposed  specifically  to  serve  as  a  basis  for  the  experi¬ 
mental  investigation  of  the  thyroid  gland,  it  may  well  apph'  as  a  method  for 
the  quantitative  anal3’sis  of  an\'  general  metabolic  sj-stem  where  there  is  a 
continuous  turnover  of  a  known  precursor  element. 

The  fact  that  the  thyroid  gland  will  take  up  and  discharge  radioiodine 
demonstrates  the  continuous  turnover  of  iodine  in  the  gland.  The  use 
of  a  labelling  agent  such  as  radioiodine  permits  a  quantitative  investiga¬ 
tion  of  this  phenomenon;  but  a  mathematical  analysis  is  required  to  inter¬ 
pret  experimental  data  in  terms  of  the  rate  of  pa.s.sage  of  iodine  into  and 
out  of  the  thyroid  gland. 

In  the  pa.st,  the  theoretical  derivation  of  analy.ses  of  this  kind  has  in¬ 
volved  two  main  considerations: 

(1)  A  mathematical  expres.sion  is  set  up  for  the  rate  of  flux  of  radioiodine 
from  one  hypothetical  state  to  another  in  any  postulated  metabolic  reac¬ 
tion,  physical  or  chemical.  It  has  been  established  in  the  case  of  phenomena 
independent  of  the  i.sotope  used  (1)  that,  at  any  instant,  the  rate  of  flux 
of  isotope  from  one  state,  where  it  is  uniformly  distributed,  to  another 
varies  directly  as  the  product  of  two  factors:  the  rate  of  flux  of  the  mass 
of  the  precursor  element  in  the  first  state  to  the  .second,  say  r,  and  the  ratio 
of  the  quantity  of  radioisotope,  p,  to  ma.ss,  P,  of  labelled  precursor  element 
in  the  first  state,  i.e.,  the  specific  activity,  p  'P.  Thus  the  rate  of  flux  with 
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respect  to  time  of  a  radioisotope  movi»i{>:  out  of  tlie  first  phase  is  ecpial  to: 

dp  p 

-  -  =  r  •  (1) 

dt  r 


The  ratio,  r  P,  is  actually  the  rate  of  clearance  of  the  labelled  element 
from  this  phase.  Bj’  assuming  either  that  both  rand  P  are  each  constant 
or  that  r  varies  directly  as  P,  the  ratio  r  P  will  remain  equal  to  a  constant 
which  is  usually  called  a  rate  constant  and  expressed  by  K.  Thus, 


(2) 


Mathematically,  this  equation  means  that  p  decreases  with  time  in  an  ex¬ 
ponential  manner  and  that  the  negative  slope  of  the  linear  plot  of  In  p  vs. 
t  is  equal  \o  K. 

(2)  In  order  to  apply  this  principle  to  a  mathematical  description  of  radio¬ 
iodine  metabolism,  a  simplified  model  of  iodine  metabolism  has  been  con¬ 
ceived  in  which  the  total  body  iodine  is  assumed  to  exist  in  several  distinct 
compartments  and  the  metabolism  of  iodine  is  believed  to  involve  the 
transfer  of  iodine  from  one  compartment  to  another.  Furthermore,  to 
meet  the  conditions  for  the  application  of  equation  2,  the  compartment  is 
defined  as  any  subdivision  of  total  body  iodine  which  behaves  as  if  it  were 
homogeneous  (2);.  i.e.,  the  introduction  of  radioiodine  into  this  compart¬ 
ment  will  result  in  a  uniform  distril)ution.  The  validity  of  this  condition 
is  usually  tested  by  the  experimental  observation  that  the  concentration 
or  total  content  of  radioiodine  in  any  compartment  decreases  in  an  ex¬ 
ponential  manner. 

Currently  favoured  has  been  the  hypothesis  that  iodine  is  present  within 
the  body  in  three  compartments:  1)  extrathyroidal  and  thyroidal  inorganic 
iodide,'  2)  thyroidal  organic  iodine,  and  3)  extrathyroidal  organic  iodine. 
While  in  some  cases  free  exchange  l)etween  the  inorganic  iodide  of  the 
extracellular  space  and  of  the  thyroid  has  been  assumed  (3,  4),  other 
schemes  have  divided  these  two  phases  into  two  separate  compartments 
(5).  In  any  case,  for  the  most  part,  it  is  construed  that  the  metabolism  of 
iodine  involves  the  transfer  of  iodine  from  compartment  1  to  2  to  3.  From 
this  last  compartment,  organic  iodine  may  be  degraded  whence  it  returns 
to  the  first.  Other  still  more  elal)orate  schemes  have  also  allowed  for  the 
renal  and  fecal  excretion  of  iodine  belonging  to  the  first  and  last  compart¬ 
ments,  respectively.  And,  another  system  envisaged  the  expansion  in 
labelled  iodide  space  which  can  take  place  early  after  the  administration 
of  radioiodide  (8).  In  every  case,  according  to  equation  2,  the  rate  of  pas¬ 
sage  of  radioiodine  from  any  compartment  to  another  would  be  equal  to 
some  rate  constant  times  its  content  of  radioiodine.  Hence,  a  series  of  dif¬ 
ferential  equations  could  be  set  up  expre.ssing  the  rate  of  change  of  radio- 
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iodine  in  each  compartment  as  the  difference  between  the  rate  of  entry  of 
radioiodine  from  other  compartments  and  the  rate  of  exit  of  radioiodine 
from  that  compartment. 

On  the  l)asis  of  such  compartment  tiieories,  extensive  analyses  of  iodine 
metabolism  have  been  conducted  for  either  the  whole  body  or  for  one  com¬ 
partment  and  reviewed  in  (2)  and  more  recently  brought  up  to  date  in  the 
bibliographies  in  (6,  7,  8).  The  differential  equations  were  solved  either  by 
straightforward  mathematical  procedures  (3,  5)  or  by  the  help  of  an  in¬ 
genious  electrical  analogue  computer  (9). 

Although  the  introduction  of  the  concept  of  a  model  for  iodine  metal)- 
olism  is  useful  in  clarifying  the  metabolic  pathway  of  iodine,  it  nevertheless 
hampers  the  scientific  reliability  of  anj'  critical  quantitative  analysis  which 
it  serves  as  a  basis  for  it  is  actually  an  a  priori  hypothesis.  The  significance 
of  a  rate  constant  expressing  the  flux  of  iodine  between  two  compartments 
rests  on  the  validity  of  the  actual  existence  of  tho.se  two  compartments. 
Furthermore,  as  the  complexity  of  the  compartment  scheme  increases,  the 
solutions  for  the  differential  equations  become  less  unique  and  the  po.ssible 
range  of  values  for  the  rate  constants  become  wider. 

Serious  objections  to  the  concept  of  rate  constant  may  be  raised  when 
the  compartment  consists  of  more  than  one  chemical  type  of  substance. 
This  is  best  exemplified  in  the  case  of  the  organic  iodine  compartment  of  the 
thyroid  gland.  It  is  an  established  fact  that  not  all  the  organified  radio¬ 
iodine  accumulated  in  the  thyroid  is,  at  anj'  time,  distributed  in  the  la¬ 
belled  iodinated  compounds  which  are  actually  being  .secreted  from  the 
gland.  For  instance,  thyroglobulin,  mono-  and  di-iodotyrosine  are  not 
normally  released  by  the  gland  although  they  may  contain  newly-accumu¬ 
lated  iodine  (10,  11).  For  the  development  of  the  argument  of  this  objec¬ 
tion,  let  y(t)  be  the  total  organic  radioiodine  contained  in  the  gland  at  any 
time,  t;  similarly,  let  y'(t)  be  the  radioiodine  contained  only  in  tho.se  la¬ 
belled  iodinated  .substances  which  are  actually  being  discharged  from  the 
gland.  Also,  let  Y  and  Y'  be  the  constant  ma.ss  of  iodine  contained  in 
the  corresponding  components.  Let  r  repre.sent  the  constant  rate  of  secre¬ 
tion  of  organic  iodine  from  the  gland.  Then,  it  follows  from  ecjuation  1,  that 
the  rate  of  loss  of  organic  radioiodine  from  the  thyroid  is: 

dy  _  dy'  _  y' 

~Vt~  ~  ~dF  ~  r' 

Suppo.se  that  at  any  time  t,  y'/Y'  =  u{t)y  Y,  where  u  is  a  function  of  time. 
Then, 

dy  r 

-  —  =  —  y  =  ^y- 

at  I 

Now,  in  a  given  time  interval,  ev’en  if  y  decreases  in  an  exponential  manner 
with  time  (which  is  mathematically  equivalent  to  a  constant  proportion  of 
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the  radioactivity  in  the  gland  being  discharged  per  unit  time),  it  only 
means  that  K  is  some  constant  which  is  a  fraction  of,  equal  to,  or  some 
multiple  of  r/Y,  according  to  whether  n{t)  is  less  than,  equal  to,  or  greater 
than  unity.  Hence,  an  exponential  variation  with  time  of  radioactivity  in  a 
given  compartment  adds  no  critical  information  regarding  the  significance 
of  the  rate  constant  determined  from  the  negative  slope  of  the  logarithmic 
plot.  Without  the  guarantee  that  n  is  unity;  i.e.,  that  the  specific  activity 
of  the  iodine  being  secreted  from  the  gland  actually  equals  the  specific  ac¬ 
tivity  of  the  total  iodine  in  the  gland,  it  follows  that  the  rate  constant,  K, 
determined  from  the  formula  —  [dy ;  dt)  =  Ky ,  is  not  necessarily  equal  to 
r  Y.  This  rule  appears  to  have  been  disregarded  in  theory  (4,  5)  and  in  ap¬ 
plication  (12). 

However,  a  formula  can  be  set  up,  to  be  described  in  this  article,  in 
which  the  analysis  of  radioiodine  transfer  in  the  thyroid  gland  presumes  no 
physiological  condition  other  than  that  all  the  iodine  which  enters  the  thy¬ 
roid  is  as  inorganic  iodide  coming  from  the  plasma  (through  the  extra¬ 
cellular  space).  No  iodine  compartments  need  be  assumed  a  priori  to  exist 
within  the  gland  and  no  assumption  need  be  made  concerning  the  chemical 
nature  and  specific  activity  of  the  labelled  iodine  which  is  being  discharged 
from  the  gland.  The  experimental  application  of  this  theory  to  the  quanti¬ 
tative  investigation  of  the  turnover  of  iodine  in  the  rat  thyroid  is  treated  in 
the  following  article.  It  was  found  to  be  particularly  useful  in  disclosing 
new  concepts  regarding  the  turnover  of  inorganic  iodide  in  the  thyroid 
gland. 

THEORY 

Basic  Equation 

Xi  any  instant,  t,  following  the  administration  of  a  tracer  dose  of  radio¬ 
iodide  to  the  body,  let  [x]  be  the  concentration  of  inorganic  radioiodide  in 
the  plasma  (in  radioactivity  units/unit  vol.),  while  [X]  is  the  concentration 
of  the  mass  of  labelled  inorganic  iodide  (P^^)  in  the  plasma  (mass/unit 
vol.).  Then,  [x]i[X]  is  the  specific  activity.  Due  to  a  Gibbs-Donnan  effect 
and  to  differences  in  vvater  content,  the  two  concentrations  of  inorganic 
iodide,  isotopic  and  non-isotopic,  may  each  be  respectively  different  in  the 
extra-cellular  fluid  than  in  the  plasma;  nevertheless,  since  each  will  be  af¬ 
fected  in  the  same  manner,  the  ratio  of  one  to  the  other,  i.e.,  the  specific 
activity,  will  be  the  same  in  the  extracellular  space  as  in  the  plasma. 

If  there  be  a  free  and  immediate  exchange  of  iodide  ions  between  the  thy¬ 
roid  and  the  extracellular  space,  then,  an  equilibrium  would  be  rapidly 
established  such  that  the  specific  activity  of  the  labelled  iodide  in  both 
states  would  be  identical,  i.e.,  equal  to  [a:]/[X].  Thus,  according  to  the 
principle  of  equation  1,  the  rate  of  entry  of  inorganic  radioiodide  into  the 
thyroid  would  be  equal  to  [x]  [X]  times  the  rate  of  entry  of  inorganic  P*^, 
and,  the  rate  of  exit  of  inorganic  radioiodide  from  the  thyroid  due  to  free 
and  immediate  exchange  would  be  equal  to  [x]/[X]  times  the  rate  of  exit  of 
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inorganic  in  this  process.  Therefore,  the  net  rate  of  entry  of  inorganic 
radioiodide  into  the  thyroid  is  equal  to  9in[-r].  [A"],  where  gi„  is  the  net  rate 
of  entry  of  inorganic  iodide  (P*')  into  the  thyroid  (in  units  of  mass  time) 
(allowing  for  the  possible  discharge  of  inorganic  iodide  by  this  type  of  ex¬ 
change  phenomenon).  It  is  noted  that  the  treatment  considers  only  the  pos¬ 
sibility  of  free  and  immediate  exchange  of  inorganic  iodide,  and,  that  it 
places  no  conditions  on  the  extent  to  which  this  type  of  exchange  may 
occur. 

At  any  time,  t,  the  rate  at  which  radioiodine  is  leaving  the  gland  can  be 
determined  by  any  number,  n,  of  possible  general  classes  of  labelled  io- 
dinated  substance.  (The  strict  definition  of  class  is  developed  below.)  But, 
for  each  class,  designated  say  as  j,  the  rate  is  equal  to  the  product  of  the 
rate  of  discharge  of  the  labelled  iodine  in  that  class,  represented  by  ,gout, 
and  its  mean  specific  activity  designated  by  j4>out  (0-  Thus,  the  total  rate 
of  passage  of  radioiodine  out  of  the  gland,  at  any  time,  /,  apart  from  free 
and  immediate  exchange  of  iodide,  is  equal  to 

}=n 

^  ^  jQmit  >*t’out  (t). 

)=l 

Let  y  represent  the  content  of  radioiodine  in  the  thyroid  gland  at  any 
time.  Then,  the  rate  of  change,  with  respect  to  time,  of  radioiodine  in  the 
gland  can  be  described  mathematically  as  the  difference  between  the  rate  of 
entry  and  exit  of  radioiodine.  Thus,  the  basic  differential  equation  express¬ 
ing  this  biological  phenomenon  is: 

Jfl  _  V  d> 

—  (Jin  ,  .  2^  j^out  j't’out.  (3) 

(tt  [A  J 

It  is  noteworthy  that  the  radioiodine  content  of  the  whole  thyroid  gland 
or  of  any  class  within  it  is  not  presumed  to  be  uniformly  di.stributed;  so  that 
mathematically,  y,  or  any  class  thereof,  is  not  necessarily  a  direct  function 
of  any  j4>„uf  Therefore,  equation  (3)  is  not  a  first  order  reaction,  and,  for 
this  reason,  the  mathematical  treatment  is  not  based  on  compartmental 
analy.sis. 

A  nalysis 

The  nature  of  this  analysis  is  first  to  determine  whether  the  iodinated 
substance  which  is  discharged  from  the  thyroid  gland  can  be  divided  into  a 
number,  n,  (greater  than  unity),  of  classes — each  class  being  charac¬ 
terized  by  a  content  of  iodine  which  has  a  distinctly  different  rate  of  turn¬ 
over  in  the  gland.  In  order  to  determine  experimentally  whether  such  a 
class  system  exists,  and,  if  so,  to  assess  the  turnover  of  each  class,  two  bio- 
mathematical  functions  of  time,  each  of  which  can  be  evaluated  by  experi¬ 
ment,  are  employed. 
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Function  I  = 


/. 


(4) 


.  1^] 


dt 


Function  I  is  equivalent  to  the  ratio  of  the  content  of  radioiodine  in  the 
thyroid  at  an\'  time  to  the  integral  of  the  specific  activity  of  the  plasma 
iodide  (the  precursor  of  the  thyroidal  iodine)  until  that  time. 


Function  II  =  gin 


fx 


dt 


(5a) 


From  inspection  of  equation  3,  it  follows  that  Function  II  is  equal  to 

j=n 

^  ^  jQout  y^outt 
•=i 

which  is  the  total  rate  of  passage  of  radioiodine  out  of  the  thyroid  at  any 
time,  t.  For  purposes  of  evaluation,  use  will  be  made  of  the  formula 


Function  II 


=  Function  I)  -m'"/’ 


(5b) 


which  can  be  shown  to  be  equivalent  to  equation  oa,'  (It  will  be  shown 
later  how  qin  can  be  computed.) 

The  evaluation  of  these  Functions  requires  the  experimental  administra¬ 
tion  of  a  tracer  dose  of  radioiodide  followed  by  serial  determinations  of  the 
specific  activity  of  plasma  inorganic  iodide  [a*]  [X],  and  of  the  total  content 
of  radioiodine  in  the  thyroid,  y.  (As  such,  it  is  compatible  with  in  vivo 

'  The  mathematical  expansion  of  the  right  hand  side  of  equation  5b  yields: 

!  /.'  m  'I  +  ir..  -  Fmnnion  /.'  TvT'"!' 

that  ist, 

)  r  -  -  liii  —  j  —Function  1 1  +  b/i„  —  Function  I  |  ^  • 

)Jn  |A'|  W//  '  t  •/. 

that  is, 

|Y|  -  !/.'  j . 

However,  from  equation  4: 

!/  =  Function  I  f  dt 

Jo  I I 

.  dy  r‘  (j-l  d  [xl 

. .  —  =1  ~dt  (r  unction  I )  +  r  unction  1  • 

dl  |A'|  dl  (A'l 

Hence,  the  right  hand  side  of  equation  oh  yields: 

J-^L  _ 

[Y|  dt' 

which,  according  to  equation  oa,  is  equivalent  to  Function  II. 
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istudy.)  The  diflfieulties  of  this  technique  lie  in  the  accurate  chemical  meas¬ 
urement  of  the  plasma  iodide,  [X],  whether  direct  or  indirect  methods  are 
used  (4). 

Following;  the  computation  of  Function  I  for  various  times  after  radio¬ 
iodine  administration,  the  following  sequence  of  procedure  was  adopted: 


(1)  Determination  of  qi„froni  Function  I 

Mathematical  Rationale:  The  value  of  Function  I  (equation  4)  in  terms 
of  gin  and  ,gout  can  he  derived  from  the  integration  and  rearrangement  of 
equation  3,^ 


Function  I  =  gi„ 


^  >7out  I 
j=l  J  0 


(ti) 


Since  the  labelled  plasma  iodide  (specific  activity  [a*]  [X]  is  considered 
the  precursor  of  all  the  labelled  thyroid  iodine  being  discharged  (specific 
activity  ,4>out),  it  follows  that  as  >0,  the  latter,  j<Fout,  must  approach  zero 
before  the  former,  [:r]  [A^,  does,  so  that  the  ratio 


y'f’out 


[X] 

approaches  zero.  Thus,  at  /—>(),  the  ratio 


»'  0 


tfH 


r'  U 
Jo  ‘[X] 


f/t 


*  Mathematical  integration  of  equation  3,  considering  7i„  and  //out  as  constant,  yields: 

/„  J  '''  "  IXl'  '''  " 

or,  since  (/,  at  t  =  0,  is  zero, 

y  =  y'"  fo  r 

^  [AJ  Jo 

Putting  this  latter  value  for  y  into  equation  4,  j-ields: 

r  * 

>7out  I 

J-I  j  0 


Function  I  =  q, a  — 


/' 

J  0 


[A| 


which  is  equation  6. 


June,  105S  THYROIDAL  TURNOVER  OF  IODINE:  THEORY 


705 


which  mathematically  approaches  the  ratio 


[Xf 


itself  also  approaches  zero.  Therefore,  from  equation  0,  as  t— >0,  Function 

I  i  n  • 

Hence,  if  a  plot  of  Function  I  vs.  time  is  extrapolated  hack  to  t  =  0,  the 
value  of  Function  I  at  /=()  is  qi„.  Once  qin  has  thus  been  evaluated.  Func¬ 
tion  II  may  he  computed  hy  means  of  equation  5. 

(2)  Determination  of  the  number  of  classes,  n,  from  Function  II 

The  interpretation  of  Function  II  (equation  oa)  revealed  that  it  repre¬ 
sents  the  total  rate  of  passage  of  radioiodine  out  of  the  thyroid  at  any 
time,  t.  Thus,  in  the  graph  of  Function  II  vs.  t,  each  of  the  classes  of  io- 
dinated  substances  (which  are  being  released  from  the  thyroid  with  dis¬ 
tinctly  different  rates  of  turnover  of  iodine  in  the  gland)  will  be  character¬ 
ized  by  a  peak  corresponding  to  the  time  of  maximum  rate  of  release  of 
radioiodine  in  this  class.  The  times  of  the  minima  after  the  peaks  cor¬ 
responding  to  each  class,  j  =  \,  2,  •  •  •  ,  n,  are  referred  to  as  t„„  m  =  \, 
2,  •  ■  •  ,  n.  If  the  value  of  F'unction  II  at  any  t„,  be  negligible,  then  the  di.s- 
charge  of  the  labelled  iodine  of  the  preceding  and  succeeding  clas.ses  do  not 
overlap. 

(3)  Determination  of  jqoutfrom  Function  I 

While  the  iodine  contained  in  any  class  may  be  represented  by  one  or 
more  different  chemical  substance,  the  rates  j^out  would  represent  the  mean 
rates  of  discharge  of  all  the  iodine  in  each  class. 

Mathematical  Rationale:  The  quantity  of  radioiodide  which  has  entered 
the  thyroid  in  a  time,  t,  is  gin/lM/fA'ld/.  Assuming  a  steady  state  such 
that 

j=n 

qux  ^  1  j^out, 

>=i 

ultimately,  the  quantity  of  radioiodine  discharged  in  every  class  j  =  l, 
2,  •••,  n  may  be  predicted  to  be  ecpial  to 


In  fact,  however,  the  actual  quantity  of  radioiodine  discharged  in  any 
class  j  is  only  ,gout  f[  i^ouidt.  If  Function  II  becomes  negligible  in  value, 
at  t  =  t„,  then,  for  all  j  <m,  the  actual  quantitj'  of  radioiodine  discharged 
tends  to  be  equal  to  the  predicted;  while  for  j  >m,  the  actual  quantity  of 
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radioiodine  discharged  in  these  classes  tends  to  be  negligible.  Accord¬ 
ingly,  for  all  j<m. 


,  jQoUt  I  ^  I 

~  I  r  ,  (it  ^  j 

0  Qin  \  Jo  \X\  } 


or,  simplified. 


r'"  r'""  t-*’] 

J.  "J.  m'"’ 


•  whereas,  for  all  j>tn, 


/■>. 

»'  0 


tdt  =  0. 


.Applying  these  results  to  equation  6,  at  /  =  /„  Fufudion  I  simplifies  to 

;=m 

Qin  iQout' 

>=1 

It  is  also  of  value  to  note  that,  from  equation  ob,® 


...  . . .  ..  lx]  Function  II 

—  (function  I)  =  (7i„  —  I'uuction  I)  — 7-- - - - 

at  C‘  U]  C‘  J 

-f-4  (U  I  -X-L  dt 

Jo  [X]  Jo  [X] 

Thus,  when  t  =  t„  if  Function  11=0,  and,  is  sufficiently  great  for  [a-] 
to  have  decreased  so  that  the  product  of  (gi„  — Function  I)  and 


*  By  mathematical  differentiation,  equation  ob  yields: 

Function  II  =  f  717, -  dt  —  (^in  —  Function  I)  +  (ojo  —  Function  I)  —  f  dl, 

•'0  [A]  <1/  dt  J  0  [A'l 

Function  II  =  —  I  -,77-  dt  (Function  I)  -|-  (^in  —  Function  I)  — — 

•'0  I A  dt  [A’l 


or,  rearranging,  and  dividing  by 


Jo  [A-l  ’ 


d  *•  T.  ,  t.  ,x  [XI  Function  II 

—  (function  I)  =  (oin  —  Function  I)  — - - 

dt  r*  \x\  r‘  \x\ 


J.  W""  J.  Tat"' 
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is  negligible,  then,  d  dt  (PYinetion  I)  =0. 

Hence,  if  the  graph  of  Function  I  vs.  time  be  re-examined,  at  the  times, 
/,„,  the  slope  of  the  plot  should  be  practically  zero.  The  valve  of  Fvnefion  I 
at  that  time  is  equal  to 


Thus,  by  successive  determinations  at  all  the  mean  rates  of  exit  of  iodine 
in  each  class,  jQout  (j  =  l,  2,  •  •  ■  ,  n)  may  be  evaluated. 

(4)  Determination  of  the  specific  activity  functions,  j4>out 

If  the  division  of  classes  be  sufficiently  distinct,  then  there  is  no  dis¬ 
charge  of  labelled  iodine  in  any  class  j=f,  except  during  the  interval 
tf-i<t<tf.  And,  in  this  interval,  the  rate  at  which  radioiodine  is  discharged 
from  the  thyroid  is  determined  by  Function  II.  Therefore,  the  ratio 
Function  II  >9out,  computed  at  any  time  in  the  interval  during  which 
radioiodine  belonging  to  any  class  j  is  being  released,  yields  the  mean 
specific  activity,  j4>„ut,  of  the  labelled  iodine  in  that  class  as  a  function  of 
time  after  the  administration  of  radioiodide. 

Acknowledgment 

This  work  was  supported  hj'  grants  of  the  Xational  Research  C'ouncil  and  the  De¬ 
fence  Research  Hoard  of  Canada. 

REFERENCES 

1.  ZiLVERsMiT,  D.  H.,  E.  Enten.man  and  M.  C.  Fishler;  J.  gen.  Physiol.  26:  325.  1943. 

2.  Stanbury,  j.  H.:  Third  pan  amer.  Congr.  Endocr.  Xov.  1954. 

3.  Brownell,  G.  L.:  J.  Clin.  Endocrinol,  and  Metab.  11:  1095.  1951.  • 

4.  Riggs,  D.  S.:  Pharmacol.  Rev.  4:  284.  1952. 

5.  Oddie,  T.  H.:  Brit.  J.  Radiol.  22:  261.  1949. 

6.  Hrrson,  S.  a.  and  R.  S.  Yalow;  J.  Clin.  Invest.  33:  1533.  1954;  34:  186.  1955. 

7.  Hickey,  0.  P.  and  G.  L.  Brownell:  J.  Clin.  Endocrinol,  and  Metab.  14:  1423.  19.54. 

8.  Oddie,  T.  H.,  I.  AIeschan  and  .1.  Wortham:  J.  Clin.  Invest.  34:  95.  1955. 

9.  Brownell,  G.  L.,  R.  V.  Cavicchi  and  K.  E.  Perry:  Rev.  sci.  histrum.  24:  704. 

1953. 

10,  Gros.s,  .1.  AND  C.  P.  Leblond:  Endocrinology  48:  714.  1951. 

11,  Roche,  J.,  R.  AIichel,  S.  Lissitzky  and  Mme  O.  Michel:  Compt.  rend.  Acad.  Sci. 

232:  2148.  1951. 

12,  Burns,  F.  .1.,  W.  .\.  Fisch,  .1.  W.  Hackett  and  F.  C.  Hickey:  J.  appl.  Physiol.  4: 

15.  1951. 


RATES  OF  PASSAGE  OF  IODINE  INTO  AND  OUT  OF 
THE  THYROID  GLAND  OF  THE  RAT  UNDER  VARI¬ 
OUS  CONDITIONS  OF  DIETARY  IODINE 
INTAKE  AND  BODY  WEIGHT 

N.  J.  NADLER  and  C.  P.  LEBLOND 

Department  of  Anatomy,  McGill  Vniversity,  Montreal,  Canada 
ABSTRACT 

The  rate  of  passage  of  iodine  into  and  out  of  the  thyroid  gland  was  ealcu- 
lat(‘d  in  rats  given  radioiodine,  on  the  basis  of  the  specific  activitj’  of  plasma 
iodide  and  the  total  radioactivity  of  the  gland.  The  method,  which  is  outlined 
in  the  previous  article  (2),  was  applied  to  three  series  of  young  adult  rats  fed 
graded  doses  of  iodine  and  to  two  series  of  young  and  adult  rats  fed  on  Purina 
Fox  Chow. 

In  animals  receiving  an  adequate  iodine  intake  a  substantial  fraction  of  tin* 
lalM'lled  iodine  entering  the  thyroid  gland  is  returned  to  the  circulation  within 
the  next  two  or  three  hours,  presumably  in  the  same  form  as  it  was  taken  up,  that 
is,  as  iodide  (5).  Later  (20-26  hours  after  radioiodine  administration),  there  is 
a  second  release  of  labelled  iodine,  presumably  in  the  organic  form.  It  is  es¬ 
timated  that  only  36-52%  of  the  iodide  taken  up  is  ultimatelj-  converted  into 
thyroid  hormone,  the  rest  being  tlischarged  as  iodide. 

When  the  dietary  intake  of  iodine  is  reduced  from  a  high  to  a  low,  goitrogt'iiic, 
level,  the  fraction  of  the  circulating  iodide  taken  up  by  the  gland  is  increased; 
thus,  the  rate  of  clearance  of  the  plasma  iodide  rises  from  0.65  to  39  ml./hour. 
Nevertheless,  the  absolute  rate  of  entrance  (^in)  as  well  as  of  discharge  (^out) 
of  iodide  are  decreased.  Furthermore,  no  change  is  seen  in  the  difference  be¬ 
tween  these  two  rates  when  the  iodine  in  the  diet  varies  from  1  to  7.5  jug  per 
gram.  This  means  that  the  rate  at  which  iodine  is  retained  in  the  gland  for  or¬ 
ganic  binding  is  not  influenced  by  iodine  intake  at  the  levels  studieil.  Hence 
under  steady  state  conditions,  that  is,  when  the  rate  of  secretion  of  hormonal 
iodine  ecjuals  the  rate  of  organic  binding,  hormone  production  is  largely  inde- 
ptmdent  of  iodine  intake. 

When  the  body  weight  increases  without  changes  occurring  in  the  iodine 
content  of  the  diet,  the  rate  of  organic  binding  in  the  thyroid  also  increases. 

'I'he  variation  is  proportional  to  the  total  volume  of  thyroid  epithelium  and,  as 
well,  to  the  expected  rate  of  oxygen  consumption.  From  these  observations,  it 
is  suggested  that  the  size  of  the  body  conditions  the  volume  of  thyroid  epi¬ 
thelium,  which  in  turn  controls  the  rate  of  organic  binding  of  iodine,  which 
then  influences  oxj-gen  consumption. 

THERE  is  evidence  (1)  that  the  main  activities  of  the  thyroid  gland — 
uptake  of  iodide,  organic  binding  of  this  element,  and  its  secretion  in 
organic  combination — take  place  simultaneously  and  continuously.  Fur¬ 
thermore,  these  activities  occur  at  a  constant  rate  or,  at  least,  at  a  mean 
rate  over  any  limited  period  of  time.  By  a  method  described  elsewhere  (2), 
the  rates  of  these  activities  can  be  determined  and  expressed  in  absolute 
terms,  that  is,  as  mass  of  iodine  involved  per  unit  of  time.  The  method  was 
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applied  to  young  and  adult  rats  fed  on  a  Purina  diet,  as  well  as  to  3  groups 
of  pubescent  male  rats  fed  on  diets  containing  very  low,  medium,  and  higli 
amounts  of  iodine  respectively. 

METHODS 

Experimental  animals 

'the  series  of  experiments  eomluetc'd  to  test  the  effeet  of  gradc'd  doses  of  dietary  iodine 
on  the  thyroidal  metabolism  of  iodine  included  three  sets  of  albino  rats,  with  avera^f 
body  weights  of  151,  129  and  14(5  (  +  5)  gm.  which,  for  twenty  days  prior  to  the  injection 
of  radioiodide,  were  fed  rc'spectively :  Remington’s  low-iodine  diet  (set  I),  the  same  diet 
to  which  1  /iig.  iodide  per  gram  of  diet  was  added  by  spraying  a  known  (juantity  of 
diet  with  a  known  volume  of  a  solution  of  sodium  iodide  prior  to  mixing  (set  11),  and 
Remington’s  diet  with  a  similarly  added  supplement  of  7.5  pg.  iodide  per  gm.  of  diet 
(set  III). 

In  the  second  series,  two  sets  (IV  and  V)  of  male  hooiled  rats  weighing  an  average  of 
58  and  259  gm.  respectively  were  fed  on  Purina  Fox  Chow  (('anadian  brand,  estimatial 
to  contain  about  2  pg.  of  iodine  per  gm.  of  diet). 

Each  set  of  rats  was  subdivided  into  seven  groups  of  six  animals  each,  which  were 
kept  in  cages  with  screened  flooring  to  prevent  acce.ss  to  excreta.  Measurements  of  the 
food  intake  revealed  that  the  daily  ingestion  of  iodine  was  approximatel}'  <1,  10  and 
75  pg.  for  sets  I,  1 1  and  111  respectiveb’,  and  10  ami  20  pg.  for  sets  IV  and  V  res])ectively. 

Each  of  the  rats  in  sets  I,  II  and  III  received  ten  microcuries  of  radioiodide,  I**', 
intraperitoneally,  those  of  set  IV,  five  microcuries  subcutaneously,  and  those  of  set  V, 
twenty  microcuries  subcutaneously.  In  each  set,  a  group  of  rats  was  sacrificed  at  each 
of  the  following  times  after  P®‘  injection:  1,  4,  10,  24,  48,  96  and  192  hours  (except  for 
set  I  in  which  the  groups  were  sacrificed  at  1, 3,  7,  12,  30,  40  and  72  hours).  The  injections 
and  sacrifices  were  arranged  to  fall  during  daylight  hours,  when  the  rats  being  nocturnal 
in  habit  feed  little  or  not  at  all.  In  this  way,  the  likelihood  of  a  sudden  increas('  in  cir¬ 
culating  iodide  due  to  food  ingestion  was  decreased.  Each  animal  was  anesthetized  with 
ether  and  blood  was  withdrawn  by  aortic  puncture  into  a  heparinized  syringe.  In  the 
first  series,  the  whole  thyroid  of  every  animal  was  used  for  chemical  and  radioactivity 
analysis.  In  the  second  series,  the  left  lobe  only  was  so  used  and  the  results  obtained 
were  doubled  to  give  values  comparable  to  those  of  the  first  series;  meanwhile  the  right 
lobe  was  fixed  in  Bouin  solution  and  then  stained  with  the  periodic  acid-Schiff-haema- 
toxylin  technique  for  histological  strnh’. 

Iodine  analysis:  chemical  and  radioactive 

Elasma.  The  plasma  of  each  animal  was  separated  by  centrifugation  and  divided 
into  two  one  ml.  samples. 

The  first  one  ml.  sample  was  used  for  quantitative  determination  of  inorganic  iodine 
(1127)  This  vvas  performed  individually  on  all  of  the  42  samples  in  set  V,  on  the  pooled 
42  samples  in  each  of  sets  I,  II  and  III,  and  on  14  combinations  of  three  samples  (from 
the  same  group)  in  set  IV.  In  sets  I,  II  and  III,  the  inorganic  iodide  was  separated  by 
zinc  sulfate  precipitation  and  estimated  by  a  dry-ashing  prodecure  modified  from 
Barker’s  method  (3)  by  H.  Isler  in  this  Department,  while  in  sets  IV  and  V  the  inorganic 
iodide  was  separatc'd  by  trichloracetic  acid  (TC.\)  and  estimated  according  to  a  modified 
Chaney  procedure  (4).  The  results  were  expressed  as  the  mean  concentration  of  inor¬ 
ganic  iodide  (I**’),  that  is,  in  pg.  per  ml.  of  plasma  and  referred  to  by  the  .symbol  [A'] 
in  Table  1.  In  the  case  of  set  I,  the  concentration  of  plasma  iodide  was  too  low  for  de¬ 
tection,  but,  in  view  of  the  known  sensitivity  of  the  method,  it  was  possible  to  state 
that  the  amount  of  iodide  present  was  less  than  0.01  pg.  per  ml. 


770 


XADLER  AND  LEBLOXD 


Volume  02 


Table  1.  Experimental  data 


Animal  ' 

set 

(diet)  . 

Body 

weight 

Plasma 
concentration 
of  inorganic 
iodide 

[A'l 

Time 
after  , 

1131 

injection  | 
1 

Plasma 

concentration  of  i 
inorganic 
radioiodide 
[X] 

Total 

radioiodine 
in  thyroid 

y 

gm. 

Mg./CC. 

hours 

1 0’cts.  /  lOOsec.  /  cc. 

lO^cts./lOOsec. 

I 

151 

<0.01 

1 

0.440 

44.9 

(Remington) 

3 

0.192 

50.0 

7 

0.040 

79.1 

12 

0.025 

54.9 

20 

-- 

31.0 

40 

_ 

30.0 

72 

- - 

19.0 

11 

(Remington 

129 

0.050 

1 

2.180 

3.10 

-|" 

4 

0.755 

0 . 54 

1  Mg-  1  gm.) 

10 

0.300 

8.84 

24 

0.081 

12.00 

48 

0.019 

8.03 

90 

- -  . 

4.00 

192 

— 

1  .91 

Ill 

(Remington 

14(> 

0.109 

1 

2.09 

1  .42 

+ 

4 

1  .37 

2.77 

l.h  Mg.  I  gm.) 

10 

0 . 50 

4.41 

24 

0.138 

4 . 00 

48 

0.025 

3.89 

90 

— 

1  .00 

192 

— 

0.87 

IV 

58 

0.179 

1 

2.12 

1  .08 

(Purina) 

4 

1 .21 

2.80 

(Young) 

10 

0.42 

3.90 

24 

0.00 

3.85 

48 

— 

3.13 

90 

— 

2.08 

1 

192 

1  — 

1.00 

V 

'  259 

i  0.104 

1 

2.30 

3.8 

(Purina) 

4 

1  1  .31 

8.2 

(.\dult) 

10 

i  0.51 

,  10.0 

! 

24 

1  0.07 

11.8 

1 

i 

48 

1  - 

9.7 

1 

90 

— 

7.0 

192 

— 

4.8 

Tlie  st'cond  sample  was  used  fur  the  measurement  of  inorganic  radioiodide 
every  ease,  the  inorganic  radioiodide  was  obtained  as  the  T(\\  soluble  fraction  by  add¬ 
ing  an  equal  volume  of  cold  10%  TC A  to  the  sample,  shaking,  centrifuging,  and,  finally 
repeating  this  procedure  twice  on  the  precipitate  with  a  double  volume  of  cold  5% 
TCA.  The  total  supernatant  was  made  up  to  10  cc.  with  4X  sodium  hydroxide,  dried  at 
IIS'*  C,  and  counted  by  an  end  window  beta  ra}-  counter.  The  mean  results  per  groups  of 
0  rats  were  recorded  under  the  symbol  [x]  in  Table  1  and  plotted  as  the  logarithm  of  the 
concentration  of  inorganic  radioiodide  per  ml.  of  plasma  vs.  time  after  administration  of 
I'®*.  The  graphs  were  then  extrapolated  back  to  time  zero. 

Thyroid.  Each  thyroid  sample  was  digested  in  9  ml.  of  2.2X  sodium  hydroxide  and 
then  made  up  to  10  ml.  with  a  30%  solution  of  TC.\.  The  concentration  of  2.2X  sodium 
hydroxide  and  30%  TCA  in  these  solutions  were  calculated  so  that  the  final  10  ml. 
volume  would  contain  about  the  same  mass  of  sodium  hydroxide  and  TC.\  as  in  the 
10  ml.  volume  of  jilasma  used  for  radioactivity  measurement  as  described  above.  Three 
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one  ml.  samples  of  each  solution  were  i)lated  for  the  measurement  of  thyroid  radioac- 
tivit}’.  The  mean  radioiodine  content  of  the  glands  at  various  time  intervals  after 
administration  were  listed  in  arbitrary  units  (eounts/100  sec.)  for  purposes  of  calcula¬ 
tion  (symbol  y,  Table  1)  and  in  per  cent  injected  dose  for  purposes  of  discussion. 


Biomathematical  analysis 

The  experimental  data  for  each  of  the  five  sets  of  rats  were  analyzed  by  the  method 
proposed  in  the  preceding  article  to  estimate  the  entry  and  exit  of  thyroidal  iodine  (2). 
For  this  i)urp()se,  it  was  necessary  to  solve  two  mathematical  exj)ressions  referred  to  as 
Functions  1  and  II,  namely, 


Function  I  (Fn  I): 


V 


kl 
I -VI 


<9 


Function  II;  q-,,. 


l-rl 

1-Vl 


jy 

<11 


-  Fn  I 


/' 

J  0 


[xl 

[A'T 


<U 


which  may  be  shown  to  be  equivalent  to: 

The  s\'mbols  used  are  listed  below. 

Experimental  data  (Table  1): 

[x]  stands  for  the  concentration  of  inorganic  radioiodide  in  plasma  (in  counts/ 100 
sec.  ml.), 

[.V],  the  concentration  of  inorganic  iodide  in  plasma  (/ug./ml.), 
y,  the  content  of  radioiodine  in  the  thyroid  (in  counts  100  sec.), 
t,  the  time  after  injection  of  radioiodine  (in  hrs.). 

Calculated  data  (Table  2): 

<]in,  the  rate  of  passage  of  iodide  into  the  thyroid  gland  (/ig./hr.), 

//out,  the  rate  of  passage  of  iodine  out  of  the  thyroid  gland  (/xg./hr.).  The  left  sub¬ 
script  j(=l,  2,  •  •  •  ,  n)  indicates  the  possibility  that  a  number  n,  of  separate 
classes  of  iodine  with  distinct  turnover  rates  may  be  released  from  the  gland. 
The  variable  factors  in  the  analysis  are  [x]  and  y.  The  quantitative  value  of  the 
jtlasma  radioiodide  concentration  at  various  times  was  used  for  [x],  it  being  immaterial 
that  the  breakdown  of  labelled  thyroid  hormone  adds  some  radioiodide  to  the  plasma  at 
later  uitervals.  The  number  of  experimental  points  for  [x]  and  y  was  estimated,  on  the 
basis  of  previous  experience,  to  b(*  large  enough  to  allow  extrapolation  safely. 

For  each  set  of  animals  examined,  the  procedure  adopted  was  as  follows: 

(1)  The  denominator  of  Function  I,  that  is,  the  integral  with  respect  to  time  of  the 

r‘  u] 

sjM'cific  activity  of  plasma  iodide,  J  calculated  for  various  times  <,  (e.g. 

/,  =  !,  2,  4,  6,  8,  10,  •  •  •  ,  hours).'  The  numerator  of  PAinction  I  was  obtained  directly 


*  This  integration  was  accomplished  by  assuming  that  within  each  selected  time  in¬ 
terval  L_i— [x]  decrea.sed  exponentially  while  [A']  remained  constant.  Thus, 


therefore. 


lx(01^ 

[A!  ■■  ■  [xr 


h_,  <  <  <  fi; 


r  ‘‘  n  ^  y  [•'■(b-i)!  -  [x(<.)] 
Jo  [x\  r '  siiAi 


The  factor  s,-  was  calculated  from  the  negative  slopes  of  the  linear  plot  ln[x]  vs.  1.  The 
time  intervals  were  selected  in  such  a  way  that  in  each  case  the  slope  of  the  curve  of 
ln[x]  vs.  I  a|)i)roximated  linearity. 


,tg/hr  relative  fisures 


HOURS  AFTER  INJECTION 


HOURS  AFTER  INJECTION 


Platk  I 


Figs.  1,  3  and  5.  Functions  I  of  Sets  I,  II,  and  III,  from  the  top  down  on  the  left 

Plots  of  Function  I  vs.  time  after  administration  of  radioiodine  to  rats  of  about  the 
same  weight  maintained  on  Rmnington’s  low  iodine  diet  (set  I,  fig.  1),  on  the  same  diet 
jdus  1  |ig.  of  iodine  per  gm.  (set  II,  fig.  3)  or  plus  7.5  /xg.  of  iodine  per  gm.  (set  III,  tig. 
5).  The  dimensions  of  Function  I  are  pg.  iodine  per  hour  in  Figs.  3  and  5;  but  rela¬ 
tive  figures  had  to  be  used  in  Fig.  1,  sima*  in  set  I  the  plasma  concentration  of  iodide 
was  too  low  to  be  measured  and  thus  no  absolute  values  could  be  calculated. 

Extrapolated  back  to  <  =  0,  Function  I  yieldeil  the  mean  rate  of  entry  of  inorganic 


FUNCTION  I 


FUNCTION  n 


Plate  ii 

Figs.  7  and  9:  Fiairtions  I  of  Sets  IV  and  F,  from  the  top  dotrn  on  the  left 

Plots  of  Function  1  vs.  time  after  administration  of  radioiodine  to  j  ouiik  (set  IV,  Fip;. 
7)  and  adult  rats  (set  V',  Fig.  9). 

P'iGs.  8  and  10;  Functions  II  of  Sets  IV  and  V ,  from  the  top  doicn  on  the  right 

Plots-of  Function  II  vs.  time  after  administration  of  radioiodine  to  the  animals  of  sets 
IV  (Fig.  8)  and  V  (Fig.  10).  The  two  peaks  indicate  the  e.xistence  of  two  classes  of  radio¬ 
iodine  released  from  the  thyroid  with  different  turnover  times. 

iodide,  (jin.  As  Function  I  first  levelled  off  (and  Function  11  was  at  a  minimum,  that  is, 
at  5  and  20  hours  for  sets  I  and  II,  respectively),  the  value  of  Function  I  yiedded  (7,,, 
—  i7out).  In  the  high  iodine  diet  set  (set  III),  there  was  no  distinct  levelling  off  of  Func¬ 
tion  I,  and  the  estimation  of  (f/in  — P/out)  which  was  based  on  the  suggested  minimum  in 
Function  II  was  less  accurate  (sec  footnote  4). 

Figs.  2,  4  .and  6:  Functions  II  of  Sets  I,  II,  and  III,  from  the  top  down  on  the  right 

Plots  of  Function  II  vs.  time  in  sets  I  (Fig.  2),  II  (Fig.  4)  and  III  (Fig.  6).  Function 
II  indicates  the  rate  at  which  newly  entered  radioiodine  was  being  discharged  from  the 
thyroid  gland.  The  absolute  units  are  of  little  significance  since  they  were  dependent  on 
experimental  conditions.  Fixeept  for  the  rats  of  set  I  kept  on  a  low  iodine  diet  (Fig.  2), 
the  curves  showed  two  peaks,  which  indicated  the  existence  of  two  classes  of  radioiodine 
released  with  different  turnover  times,  each  class  being  characterized  by  a  separate  peak. 
Even  in  set  I,  the  substantial  early  release  of  radioiodine  (with  a  peak  at  less  than  3 
hours  after  administration  of  radioiodine)  means  that  some  radioiodine  came  out  of  the 
thyroid  with  a  relatively  short  turnover  time. 
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TaBI.K  2.  HaTKS  ok  PASSAliK  OK  loniXK  INTO  AND  OI  T  OK  THE  THYROID  liLAXD 
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from  expcrinieiital  data  (’I'ablc  1 ,  last  three  columns)  or  from  extrapolated  values  of  these 
data  plotted  vs.  1.  Grai)hs  of  the  various  Functions  1  were  then  drawn  (Figs.  3,  5,  7  and 
9).  In  the  ea.se  of  set  I,  since  [A']  was  not  determined,  Fn  I  [A]  which  is  equal  to 
//,  /o[x]d<  was  evaluated  instead  (Fig.  1). 

The  rate  of  iodide  entry  into  the  thyroid,  9i„,  was  assumed  to  be  equal  to  the  value  of 
Function  I  at  /  =  0  (see  previous  artiede)  and  therefore  was  obtained  by  extrapolation 
(Figs.  3,  5,  7,  9  and  Table  2).  In  the  case  of  set  I,  Function  I  was  not  obtained  in  absolute 
terms;  however,  </m,  [A']  (equal  to  Fn  I/[A']  at  t  =  0)  could  be  determined  and  was  re¬ 
ported  in  Table  2,  column  7  under  the  heading  “rate  of  clearance  of  plasma  iodide.’’ 


(2)  To  determine  Function  II,  it  was  first  necessarv  to  obtain  Fn  I,  q-m  and 
T'  fj-] 

J  y  I  f/t,  according  to  the  above  procedure.  The  specific  activity  of  the  plasma  iodifle, 
|j]/fA’],  was  derived  from  experimental  data  (Table  1).  The  factor  — —  was  esti¬ 


mated  over  any  given  short  time  interval  by  the  formula 


Fn  I(/,+i)  —  Fn  I(<i) 

”  <.7t  -  (i 


In  the  case  of  set  I,  Function  II  was  comi)ut(*<l  by  using 

/  a  in  Fn  I\  rf  Fn  I  1  r  ‘ 

Ivt/.  W'" 

which  is  the  same  formula  rearranged  to  allow  for  its  evaluation  without  knowledge  of 
[A'  ]  itself.  Block  diagrams  were  constructed  for  Function  II  vs.  I  (Figs.  2,  4,  6,  8  and  10). 


RESULTS  AND  INTERPRETATION 

Function  II 

According  to  theory  (2),  Function  II  represents  the  rate  at  ichich  the  newly- 
entered  radioiodine  passes  out  of  the  thyroid  gland.  Inspection  of  the  graphs 
of  this  Function  vs.  time  (Figs.  2,  4,  6,  8  and  10)  indicated  that,  in  every 
case,  there  was  a  release  of  radioiodine  from  the  thyroid  gland  at  a  rate 
which  began  at  zero,  rose  to  a  maximum  in  about  2  hours,  and  then  de¬ 
creased  steadily.  A  distinct  second  peak  was  observed  in  sets  I,  II  and  V 
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respectively  at  10,  22,  and  26  hours  after  radioiodine  administration.  In 
sets  III  and  IV,  examination  of  the  graphs  suggested  that  there  might  also 
he  a  second  peak  at  20  and  21  hours  respectively.  It  was  concluded  that  in 
sets  I,  II  and  V  (and  probably  III  and  IV),  the  labelled  iodine  was  released 
from  the  thyroid  gland  in  two  separate  classes.  From  the  differences  in  the 
times  at  which  the  two  classes  are  released,  it  is  inferred  that,  at  least  in 
sets  I,  II  and  V,  each  class  consists  of  iodine  having  a  distinctly  different 
rate  of  turnover  in  the  gland.® 

The  chemical  nature  of  iodine  in  these  two  classes  was  not  obvious.  It 
was,  therefore,  decided  to  refer  to  the  rapidly  metabolized  labelled  iodine 
as  class  1  iodine  and  to  the  slowly  metabolized  labelled  iodine  as  class  2 
iodine.  Comparison  of  the  graphs  of  the  various  Functions  II  indicates  that 
the  second  peak  (and  probably  also  the  first)  is  closer  to  the  time  origin  in 
set  I  (10  hrs.)  than  II  (22  hrs.)  and  III  (22  hrs.)  and  in  set  IV  (21  hrs.)  than 
V  (26  hrs.)  Figs.  2,  4,  6,  8  and  10).  It  is,  therefore,  concluded  that,  in  gen¬ 
eral,  the  turnover  rates  of  both  classes  of  iodine  were  reduced  by  high  di- 
etarv  iodine  intake  (sets  I-III)  and  with  increasing  bodv  weight  (sets  IV- 

V).‘ 

Function  / 

The  mean  absolute  rate,  gin,  at  which  iodide  was  taken  up  by  the  thyroid 
gland  in  the  animals  of  sets  II-V  was  determined  (2)  by  extrapolating  to 
time  0  the  graphs  of  Function  I  vs.  time  (Figs.  3,  5,  7  and  9).  In  this  man¬ 
ner  it  was  found  (Table  2)  that  tlie  rate  of  iodide  uptake  increases  with  the 
iodine  content  of  the  diet  (sets  II-III)  and  with  age  (sets  IV-V).  How¬ 
ever,  the  values  for  the  clearance  of  plasma  io<lide,  g'in  fX]  (Table  2),  indi¬ 
cated  tliat  the  clearance  varied  inversely  with  the  iodine  content  of  the 
diet  in  sets  I,  II  and  III. 

The  measurement  of  the  rate,  i^out,  at  which  class  1  iodine  is  released  by 
the  thyroid  gland  required  several  steps.  It  was  first  noted  that,  when  the 
first  peak  in  Function  II  graphs  (Figs.  2,  4,  6,  8  and  10)  indicated  the  re¬ 
lease  of  this  iodine,  there  was  a  steady  decrease  in  the  value  of  the  cor¬ 
responding  Functions  I  (Figs.  1,  3,  o,  7  and  9).  In  fact,  when  the  slope  of 
the  graph  for  Function  I  approached  zero,  that  is,  at  approximately  5,  20, 
19,  14  and  18  hrs.  for  sets  I-V  respectively,  the  value  of  Function  II,  as 
predicted  by  theory  (2),  reached  a  minimum.®  This  observation  indicated 
that  the  turnover  of  class  1  iodine  was  then  practically  complete.  At  the 
time  of  this  minimum,  theory  predicted  that  the  value  of  Function  I 
should  l)e  equal  to  g'in  — i^out,  that  is,  the  difference  between  the  rate  of  up- 

*  In  sets  III  and  IV,  the  minimum  in  Function  II  was  not  distinct,  neither  did  the 
slope  of  Function  I  vs.  time  quite  reach  zero.  This  was  attribut(*d  to  the  fact  that,  due  to 
the  relatively  high  iodine  feedings,  the  turnover  rates  of  the  two  classes  of  iodine  were 
not  sufficiently  distinct. 
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take  and  discharge  of  iodide  (rate  of  retention  of  iodide).  Calculation  of 
this  difference  for  sets  II-V  (Table  2)  revealed  that  it  was  not  influenced  by 
the  level  of  dietary  iodide  (sets  II-III),  but  increased  with  the  body  weight 
(sets  IV-V). 

The  mean  rate  of  discharge  of  class  1  iodine  from  the  thyroid  gland, 
i9oui,  was  obtained  by  subtracting  (^jn  — i^out)  from  qi„  (Table  2,  6th  col¬ 
umn).  This  rate  varied  directly  as  the  level  of  iodine  in  the  diet  (.sets  II- 
III)  and  as  the  body  weight  (sets  IV-V).  Finally,  the  percentage  of  the 
iodide  taken  up  which  is  released  as  class  1  iodine,  ig„ut  Qin,  (Tal)le  2,  last 
column)  varied  as  the  concentration  of  inorganic  iodide  in  plasma, 
[A1. 

In  the  ca.se  of  .set  I,  the  value  of  ig„ut  could  not  be  calculated  in  ab.solute 
terms,  l)ut  the  value  of  Fn  I  [A']  was  used  at  time  /  =  0  to  measure  ^in  [A"] 
a!id,  at  the  time  when  Function  II  was  minimum,  to  measure  ig„ui  [A’'J. 
Thus,  the  ratio  i^out  9in  vvas  computed.  Accordingly  the  clearance  of 
plasma  iodide  and  the  percentage  of  the  iodide  taken  up  which  is  released 
as  class  1  iodine  could  be  calculated  in  this  set  (Table  2). 

Since  the  animals  investigated  in  each  set  were  maintained  on  their  re¬ 
spective  diets  for  twenty  days  prior  to  the  administration  of  radioiodide, 
it  was  pre.sumed  that  the  thyroid  glands  had  reached  a  condition  of  .steady 
state  with  regard  to  their  iodine  metabolism.  Thus,  the  rates  reported  in 
Tal)le  2  describe  steady  states  for  the  thyroid  glands  of  rats  of  a  given  body 
weight  and  a  given  dietary  level  of  iodine,  kept  under  .similar  environ¬ 
mental  conditions. 

I)IS('USSIOX 

The  uptake  of  inorganic  iodide 

The  .selective  entry  of  inorganic  iodide  into  the  thyroid  gland  is  the  first 
step  in  the  formation  of  thyroid  hormone.  Iodide  is  made  available  to  the 
thyroid  follicles  from  two  .sources:  an  external,  the  extracellular  fluid,  and 
an  internal  one,  the  deiodination  of  organic  compounds  within  the  gland. 
It  is  pre.sumed  (o)  that  iodide  ions  are  extracted  from  the  extracellular 
fluid  by  the  cells  enclosing  the  follicle,  whereas,  once  iodide  ions  are  within 
the  follicle,  they  are  retained  in,  and  by,  the  colloid  (6). 

In  the  analy.sis  reported  in  this  article,  ^in  represented  the  rate  of  uptake 
of  extrathyroidal  inorganic  iodide  by  thyroid  glands  in  a  .steady  state.  As 
indicated  by  the  values  for  this  rate  (Table  2),  the  amounts  of  iodide  taken 
up  by  the  gland  increased  with  age  (0.090  and  0.164  /ug./  hr.  in  58  and  259 
gm.  Purina  fed  rats  respectively)  presumably  due  to  the  concomitant  in¬ 
crease  in  thyroid  size,  and  increased  as  well  with  the  dietary  intake  of 
iodine  (0.070  and  0.110  hr.  in  rats  of  about  the  same  weight  fed  diets 
containing  1  and  7.5  Mg-  per  gram  respectively). 

However,  the  ratio  gi„  [Ad,  that  is,  the  rate  of  clearance  of  inorganic  io¬ 
dide  by  the  gland,  was  probably  a  truer  index  of  the  capacity  of  the  thyroid 
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to  concentrate  iodide  from  plasma.  Such  clearances  were  inversely  propor¬ 
tional  to  the  level  of  plasma  (or  dietary)  inorganic  iodide  (Tal)le  2;  sets 
I-III).  The  clearance  was  particularly  high  in  the  animals  fed  a  low  level  of 
iodide  (set  I),  in  which  it  is  known  that  the  thyroid  gland  is  hyperactive,  as 
demonstrated  by  histological  criteria  (tall  columnar  epithelium,  thin  col¬ 
loid,  vascularity). 

The  nature  of  the  iodine  discharged  as  class  1  and  class  2 

Following  the  administration  of  a  single  dose  of  radioiodide  to  Purina- 
fed  rats,  it  had  been  shown  that  there  was  no  organic  iodine  released  from 
the  thyroid  by  3  hours  after  injection,  while  a  significant  release  was  taking 
place  by  24  hours  (7).  Accordingly,  it  was  concluded  that  the  rapidly 
metabolized  labelled  iodine  in  class  1  (represented  by  the  first  peak  in  the 
graphs  of  Function  II  occurring  al)out  2  hours  after  administration)  did 
not  include  organic  iodine,  and  hence  could  only  be  identified  as  inorganic 
iodide.  Thus  tlie  thyroid  gland  di.scharged  as  such  some  of  the  iodide  which 
had  just  been  taken  up.  (The  findings  on  the  rate  of  discharge  of  class  1 
iodine,  i^uut,  as  reported  in  Table  2,  must  therefore  be  interpreted  as  re¬ 
ferring  to  the  discharge  of  iodide.)  On  the  other  hand,  class  2  iodine  (repre¬ 
sented  by  the  second  peak  of  Fimction  II)  was  essentially  due  to  organic 
iodine. 

The  discharge  of  inorganic  iodide 

Until  recently  it  was  generally  assumed  that,  under  normal  conditions, 
the  inorganic  iodide  taken  up  by  the  gland  was  completely  converted  into 
organically  bound  iodine.  Accordingly  the  rate  of  iodide  entry  was  believed 
to  equal  the  rate  of  organic  binding  and  the  rate  of  hormonal  iodine  output, 
so  that  the  iodide  concentrating  capacity  of  the  gland  would  determine  the 
rate  of  hormone  formation  (8,  9).  It  was  further  thought  that  iodide  could 
only- be  discharged  from  the  thyroid  gland  in  cases  of  total  inhibition  of 
protein  binding  (8). 

However,  four  years  ago,  it  was  reported  in  a  preliminary  form,  that  in 
the  rat  some  of  the  iodide  taken  up  by  the  thyroid  gland  was  soo!i  dis¬ 
charged  (5).  Brown-Grant  et  al.  (10)  reported  a  release  of  radioiodine  from 
the  rabbit  thyroid  soon  after  administration  of  This  released  iodine, 
which  they  presumed  to  be  organic,  may  well  have  been  in  the  inorganic 
form.  Later,  Ingbar  and  Freinkel,  also  in  the  rat  (11),  found  that  there  is  a 
gradient  of  thyroidal  to  plasma  iodide,  which  is  markedly  diminished  by 
perchlorate  administration.  They  concluded  from  these  results  that  iodide 
may  be  discharged  from  the  thyroid,  even  when  it  is  not  under  the  influ¬ 
ence  of  agents  blocking  organification.  Hickey  and  Brownell  (12)  in  man 
observed  a  higher  level  of  urinary  radioiodide  than  expected  from  data  pro¬ 
vided  by  the  analogue  computer  and  speculated  that  this  iodide  was  of  thy¬ 
roid  origin.  The  following  year,  Ingbar  (13)  queried  whether  all  of  the  io- 


77.S  NADLEIl  AKI)  LEBLONI)  Volume  02 

elide  taken  up  by  the  thyroid  in  man  was  sul)sequently  bound  to  protein. 
Still  more  recently,  application  of  the  analysis  reported  in  this  article  to 
several  euthyroid  young  adult  males  confirmed  that  there  is  a  discharge  of 
inorganic  iodide  from  the  human  thyroid  (unpul)lished  work  with  M.  Cun¬ 
ningham  and  H.  Isler). 

The  work  in  the  rat  here  presented  indicated  that  a  fraction  of  the  iodide 
taken  up  by  the  gland  is  released  as  such  to  the  extrathyroidal  space  and, 
therefore,  is  not  used  for  hormone  synthesis.  The  percentage  of  the  newly- 
entering  iodide  which  is  discharged 

l^out 
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was  oidy  14%  in  rats  fed  the  low  iodine  diet  but  rose  to  48-64%  in  rats 
maintained  on  large  amounts  of  dietary  iodine  (Table  2,  sets  III-V). 

The  difference  between  the  rates  of  iodide  uptake,  qi„,  and  discharge, 
ig-out,  that  is  9i„  — i^out,  is  equivalent  to  the  net  rate  of  retention  of  iodide. 
Under  conditions  of  .steady  state  with  a  constant  content  of  inorganic  io¬ 
dide  in  the  gland,®  whatever  iodide  is  retained  must  be  bound  into  protein 
and  so  9in  — i^out  must  al.so  designate  the  net  rate  of  organic  binding. 

When  the  rate  of  iodide  uptake,  gin,  and  the  net  rate  of  organic  binding 
are  compared  (Table  2),  there  is  apparently  no  .simple  relation  between 
them.  This  finding  invalidates  current  concepts  that  the  rate  of  iodide 
uptake  equals  the  rate  of  organic  binding  (1)  or  that  the  iodide  concentrat¬ 
ing  capacity  of  the  gland  determines  the  rate  of  hormone  formation  (8,  9). 

Prior  to  assessing  what  relation,  if  any,  exists  between  iodide  uptake  a»id 
efficiency  of  organic  binding,  it  should  first  be  pointed  out  that  not  all  of 
the  iodide  discharged  by  the  thyroid  need  be  derived  solely  from  newly 
entered  iodide.  In  fact,  Roche  and  Michel  (14)  have  shown  that  .some  of  the 
thyroid  iodide  arises  as  the  result  of  deiodination  of  organic  compounds 
within  the  gland.  Since  presumably  both  the  newly  entered  iodide  and  that 
tierived  from  deiodination  mix  freely  in  a  common  ‘pool’  (probably  located 
in  the  colloid  of  the  follicles),  tho.se  iodide  ions  di.scharged  from  the  gland 
must  also  originate  from  both  .sources  and,  hence,  represent  that  portion  of 
the  iodide  made  available  to  the  gland  which  escapes  organic  binding.  Per 
unit  time,  only  a  fraction,  X,  of  the  pooled  iodide  will  undergo  protein  bind¬ 
ing.  So  far  in  this  paper  the  rate  at  which  iodide  is  taken  up  by  the  gland 
from  the  extracellular  space  has  been  called  qi„.  The  rate  at  which  iodide 
is  provided  by  deiodination  may  be  called  d.  Then,  the  rate  of  discharge 
of  inorganic  iodide  from  the  gland,  ig„ut,  will  be  the  difference  between  the 

’  From  the  data  presented  here,  it  was  deduced  that  the  fraction  of  the  thyroidal  io¬ 
dine  present  as  inorganic  iodide,  in  a  steady  state,  would  be  of  the  approximate  order  of 
5%  (21). 
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total  rate  at  which  iodide  is  made  available  to  the  thyroid,  (gi„+d),  and 
the  rate  at  which  it  is  organified,  i.e., 

i(/out  =  {qin  +  d)  -  Hqin  +  d)  =  (I  -  +  d).  (1) 

It  is  currently  believed  that  the  organic  binding  of  iodine  involves  a  se¬ 
quence  of  reactions  within  the  thyroglolndin  molecule  leading  to  the  forma¬ 
tion  of  mono-  and  di-iodotyrosine,  the  coupling  of  which  forms  tri-iodo- 
thyronine  and  tliyroxine.  Simultaneously  with  this  process,  there  is  a  con¬ 
tinuous  proteolysis  of  thyroglolmlin  yielding  the  free  iodinated  amino- 
acids,  of  which  only  two,  thyroxine  and  tri-iodothyronine,  have  been  found 
in  the  plasma  (presumal)ly  by  excretion  thereto)  (7),  while  the  remaining 
amino-acids,  mono-  and  di-iodotyrosiiie,  are  deiodinated  within  tlie  thy¬ 
roid  (14).  Now,  if  the  ratio  of  the  thyroglolndin  iodine  bound  into  tyrosyl 
radicals  to  that  bound  into  thyronil  radicals  is  n  (witliin  wide  limits  n  is 
of  tlie  order  of  2)  (lo),  the  rate,  d,  at  which  iodide  is  made  availalde  l)y  deio- 
dination  would  be  expected  to  be  n  times  that  at  which  iodine  is  secreted 
as  hormone.  Since  the  latter  in  a  steady  .state  is  equal  to  the  net  rate  of 
binding  of  iodine  to  protein,  then  d  =  n(qin  —  iq,>ut).  Hence  the  total  rale  at 
which  iodide  arises  in  the  gland  is: 

qin  d  </iu  "1-  fdqin  l(/oiit)  ~  “I”  l)7i'‘  ^U^/out- 

Putting  this  into  equation  (1): 

(1  X)  I  (/i  1 

and,  therefore: 


J  l^ou  t 

X  -  - 

J  _  n  _  c/.,.„ 

+  1  7  ill 

It  is  deduced  from  this  that  X  varies  inversely  as  igout/9in. 

The  values  of  X  worked  out  for  the  various  experiments  assuming  n  =  2 
were  respectively  0.95,  0.88  and  0.70  for  sets  I-III,  and  0.63  and  0.76  for 
sets  IV-V.  Thus  the  efficiency  of  organic  binding,  as  measured  by  the 
steady  state  value  of  X  varied  inversely  as  the  plasma  concentration  of  in¬ 
organic  iodide. 

From  this  theory,  it  is  possible  to  predict  the  proportion  of  the  dis¬ 
charged  iodide  which  is  derived  from  deiodination  of  organic  compounds 
within  the  gland.  This  is  .simply  (1  — which  is 

(1  X)H(7iii  1^/out) 


1^/out 
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which  reduces  to 


9in 

n  +  1  i^out 
^‘\n 

Again,  assuming  as  above  that  n  =  2,  and,  putting  in  the  values  determined 
for  i^out  9in,  this  proportion  turned  out  to  be  0.63,  0.59,  0.47  for  sets  I-III, 
and  0.42  and  0.51  for  .sets  IV-V.  Hence,  approximately  half  of  the  iodide 
di.scharged  from  the  thyroid  gland  was  estimated  to  originate  from  the  de- 
iodination  of  organic  compounds. 

The  organic  binding  of  iodine 

It  was  shown  above  that  the  net  rate  of  accumulation  of  organic  iodine  in 
the  gland  is  equal  to  gin  —  i9«ut  (Table  2).  However,  this  value  does  not  nec- 
e.ssarily  represent  the  rate  of  all  the  binding  of  iodine  to  protein.  It  was 
indicated  that  the  rate  at  which  iodide  was  made  available  to  the  gland 
was  actually  q\n-\-d,  where  d  is  the  rate  at  which  inorganic  iodide  is  lib¬ 
erated  in  the  thyroid  due  to  deiodination  of  organic  compounds.  Hence, 
the  rate  of  total  protein  binding  of  iodine  in  the  thyroid  is  more  preci.sely, 
9iii+d  — i^out.  Assuming  as  indicated  above  that  d  might  be  of  the  order  of 
h(9in  — i^out),  then  the  rate  of  total  protein  binding  of  iodine  is  (n-\-l){qin 
—  i^out).  From  the.se  formulae,  it  is  concluded  (Table  2;  sets  II  and  III)  that 
where  the  rate  of  net  retention  was  0.050  mS-  of  iodine  per  hr.,  that  of  total 
binding  to  protein  was  (n  +  1)  times  0.050  ng.  per  hour  and  that  both  the.se 
rates  were  the  .same  in  animals  fed  medium  or  high  dietary  levels  of  iodine, 
provided  n  remained  the  .same.  Putting  n  equal  to  2  as  above  then,  the  rate 
for  total  organic  binding  was  0.150  )ug.,  hr. 

The  similarity  of  the  rate  of  organic  binding  in  animals  fed  medium  or 
high  dietary  iodine  .supports  the  contention  (1)  that,  in  the  rat,  despite 
fluctuations  in  the  amount  of  iodide  ingested  and  in  the  physiological  ac¬ 
tivities  of  the  animal,  the  steady  state  rate  of  organic  binding  and  secretion 
is  constant.  No  doubt,  there  must  be  one  or  more  regulatory  mechanisms 
by  which  this  steady  state  may  be  .secured.  Thus  the  level  of  circulating 
thyroid  hormone  exerts  some  control  on  the  rate  of  relea.se  of  the  thyro- 
trophic  hormone  by  the  anterior  pituitary.  More  recently,  it  has  been  pro¬ 
posed  that  inherent  in  the  thyroid  gland  it.self  is  a  partially  autonomous 
capacity  for  the  regulation  of  the  rate  of  concentration  of  inorganic  iodide 
(16,  17). 

It  may  be  po.ssible  to  relate  the  rate  of  organification  of  iodide  to  struc¬ 
tural  conditions.  In  a  recent  article,  the  authors  pre.sented  evidence  that 
the  rate  of  accumulation  of  organic  iodine  in  any  follicle  is  dependent  di¬ 
rectly  upon  the  mass  of  its  epithelial  cells  (18).  By  generalizing,  it  was 


June,  106.S  THYROIDAL  TURNOVER  OF  IODINE:  EXPERIMENT 


781 


suggested  that  the  rate  of  accumulation  of  organic  iodine  by  the  whole 
thyroid  gland  was  governed  by  the  epithelial  mass,  that  is,  tlie  aggregate 
mass  of  the  cells  of  all  follicles. 

Now  the  total  rate  of  accumulation  of  organic  iodine  has  been  showti 
above  to  be  (n+l)(gin  — i^om).  Using  the  value  of  ^in  reported  iii  Table  2 
for  the  j  oung  and  adult  rats  on  Purina  diet  (sets  IV  and  V)  the  rates  of  or¬ 
ganification  are  (n -1-1)0. 032  and  (n -1-1)0.086  ^g  hr.,  respectively.  Employ¬ 
ing  a  histometric  teclmicpie  reported  in  detail  in  the  literature  (10),  the 
mean  total  epithelial  mass  in  the  thyroids  of  the  young  and  adult  rats 
used  in  these  experiments  was  estimated  as  2.07  and  5.69  mg.  respectively.'* 
The  ratio  of  the  rate  of  organification  to  epithelial  ma.ss  for  each  .set  was, 
therefore  (/i-l-l)0.0155  and  (^^ -1-1)0.0151  mS-  fii’-,  mg- — U'o  values  which 
are  practically  identical. 

The  above  calculations  support  the  previous  conclusion  (18)  that  the 
rate  of  organification  of  iodine  by  the  thyroid  follicle  is  quantitatively  gov¬ 
erned  by  its  epithelial  mass. 

The  discharge  of  organic  iodine 

Since  following  radioiodine  injectioji  to  Purina  fed  rats,  organic  iodine 
had  appeared  in  the  circulation  by  24  hours  after  injection  (7),  it  is  con¬ 
cluded  that  most  of  the  slowly  metabolized  iodine  released  as  class  2  iodine 
consisted  of  organic  radioiodine,  although  some  inorganic  iodine  must  also 
be  pre.sent. 

It  has  been  pointed  out  that,  under  steady  state  conditions,  the  .secretion 
rate  of  class  2  ioditie  is  equal  to  the  net  rate  of  retention  of  iodide,  ^i.,  —  gout. 
Thus,  for  the  young  (set  IV,  58  gm.),  young  adult  (average  sets  I-III, 
142  gm.),  and  adult  (.set  V,  259  gm.)  rats  investigated,  it  was  0.032,  0.050 
and  0.086  /xg.  hr.  re.spectively,  which,  if  the  fraction  of  class  2  pre.sent  as 
iodide  is  disregarded,  would  be  equivalent  to  L-thyroxine  secretion  rates 
of  1.2,  1.8,  and  3.2  )ug.  per  day.  These  re.sults  compare  favorably  with 
those  estimated  for  the  rat  by  other  methods  (20). 

Per  body  weight  (B.W.),  the.se  values  for  the  rates  of  orgatiification  of 
iodine — which  are  also  as.sumed  to  be  the  rates  of  .secretion  of  class  2  iodine 
— are  greater  for  the  smaller  animals  (Table  3),  Init,  per  B.W.^'**,  they  are 
almo.st  exactly  identical  in  all  the  groups  (Table  3).  The  interest  in  this 
comparison,  of  cour.se,  comes  from  the  fact  that  one  of  the  characteristic 
effects  of  thyroid  hormone  is  the  maintenance  of  metal)olic  rate,  the  value 
of  which  is  known  to  be  related  in  animals  of  different  weights  to  B.W.-'*. 

^  This  technique  consisted  of  making  large'  scale  |)rojections  of  th3’roi(l  sections  and 
drawing  numerous  parallel  lines  between  the  out('r  boundaries  of  the  gland.  The  mean 
ratio  of  the  total  length  of  all  the  intercepts  acro.ss  epithelial  tissue  of  the  follicles  to  the 
total  length  of  all  the  drawn  lines  was  taken  to  be*  ecpiivah'nt  to  the  ratio  of  epithelial 
mass  to  glandular  mass.  Ry  multiplying  this  ratio  by  the  thyroid  weight,  a  valui'  for  the 
epithelial  mass  was  obtained. 
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Table  3.  Secretion  rate  of  organic  iodine  by  the  thyroid 


(  I  Rate  of  secretion 

Animal  set  j  weight  i  _ 

..  I  •)  iiir  /hour  i  iiif  /hour  ! 


(Diet)  1 

(B.W.) 

(gni.) 

Jig. /hour  j 

(Vii.  —  i7oui)  ' 

Mg. /hour  i 

jier  gm.  B.W.  ^ 
XIO’  , 

Mg./hour 
jier  gm.  B.W.*’ 
X  HP 

IV 

(Purina) 

58 

i  0.032 

! 

0.55 

2.1 

11-111 

(Remington  diet  -  iodine) 

j  142 

j  0.0.50 

0.35 

1 .9 

V 

(Purina) 

1  2.59 

0.080 

0.33 

;  2.1 

These  results  suggest,  therefore,  that  in  the  growing  animal,  the  increase 
in  total  oxygen  consumption  is  due  directly  to  the  rate  of  protein  binding 
of  iodine  by  the  thyroid,  which,  in  turn,  is  related  to  the  increase  in  volume 
of  thyroid  follicle  epithelium. 
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THE  EFFECT  OF  ANTERIOR  HYPOTHALAMIC  LESIONS 
ON  THYROID  FUNCTION  AND  GOITER  DEVELOP¬ 
MENT  IN  THE  RATI 
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ABSTRACT 

Thyroid  function  was  nioasurod  in  rats  Icsioned  in  the  anterior  hypotiiala- 
mus,  using  the  24-hour  radioiodine  uptake  test,  the  hormone  discharge  rate 
both  on  a  control  diet  and  during  the  administration  of  jjropylthiouracil,  the 
T/S  ratio  test  of  VaiulerLaan,  the  PI}1  and  tin*  serum  cholesterol  level.  The 
results  of  all  tests  with  the  e.xeeption  of  the  T  S  ratio  indicate  an  interfercmce 
with  hypophyseal  thyrotropin  j)roduction  in  lesioned  animals,  with  lesions 
which  block  the  hypertroi)hy  response  of  the  thyroid  to  goitrogens  being  most 
effective  in  reducing  thyrotropin  i)roduction.  .\ssays  of  jiituitary  thyrotropin 
content  j)araileled  the  thyroid  function  data.  Thest'  experiments  are  inter¬ 
preted  as  arguing  against  the  existence  of  two  distinct  thyrotroj^ins  in  the  rat. 

The  liypothe.si.s  that  two  di.stinct  thyrotropic  horino'ie.s  may  he  elal)- 
orated  hy  the  rat  hypophysis  was  first  advaticed  by  Cireer  (1)  in  19o2. 
The  propo.sal  was  made  in  order  to  explain  data  which  showed  that  an¬ 
terior  hypothalamic  lesions  eliminated  the  hypertrophic  respon.se  of  the 
rat  thyroid  to  goitrogens  (hut  not  to  exogenous  thyrotropin  (2)).  These 
lesions  did  ?iot  decrea.se  significantly  the  thyroid  serum  radioiodide  con¬ 
centration  ratio  in  the  VanderLaans’  “T/S  test”  (8)  which  Greer  accepted 
as  repre.sentative  of  “metabolic”  response  to  thyrotropin  .stimulation. 
Greer's  hypothesis  was  greatly  strengtliened  by  experiments  in  hypophy- 
sectomized  mice  beari?ig  intraocular  hypophyseal  grafts  (4),  but  the  con¬ 
cept  has  geTierally  proved  unpopular.  Several  objections  arose,  centering 
about  two  facts  which  emerged  .subsequent  to  the  publication  of  Greer’s 
hypothesis.  It  was  shown  by  llalmi  el  cl.  (o)  that  propylthiouracil  (PTU), 
the  goitrogen  u.sed  by  Greer  to  demonstrate  a  “goiter  block”  in  appropri¬ 
ately  lesioned  animals,  sensitized  the  thyroidal  ioflide  trap  to  the  action  of 
thyrotropin  (TSH).  The  Bogdanoves  (6)  have  recently  shown  that  the 
parallelism  of  respon.se  of  the  T  S  ratio  and  thyroid  weight  to  the  level  of 
circulating  thyrotropin  in  rats  receiving  PTU  was  true  only  for  the  range 
examined  originally  by  Greer.  The.se  findings  permitted  an  alternate  ex¬ 
planation  of  Greer’s  data  in  the  rat,  postulating  a  quantitative  reduction 
in  the  level  of  a  .single  TSH  and  a  differential  sensitivity  of  iodide  trap  and 
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gland  size  to  T8H.  The  work  of  VanderLaan  and  Caplan  (7)  also  showed 
that  factors  other  than  thyrotropin  could  influence  the  activity  of  the 
iodide  trap  without  necessarily  affecting  the  gland  size. 

In  a  recent  preliminary  report  by  D’Angelo  and  Traum  (8)  a  decrease  in 
the  thyroidal  hormone  release  rate  after  hypothalamic  lesions  was  demon¬ 
strated.  In  these  animals  the  level  of  circidating  T8II  appeared  to  be  re¬ 
duced,  although  in  a  second  series  of  lesioned  animals  the  pituitary  T8II 
stores  appeared  to  be  normal. 

We  undertook  the  present  study  in  order  to  measure  the  effect  of  hypo¬ 
thalamic  lesions  on  a  number  of  criteria  of  thyroid  function  and  to  explore 
further  the  need  for  postulating  two  distinct  thyrotropins  in  the  rat. 

MATERIALS  AXD  METHODS 

Adult  male  rats  of  the  Holtzman  strain  weighitiR  300  to  450  gm.  were  lesioned  as  pre¬ 
viously  described  by  (Ireer  (9),  using  a  nifalified  Kri(‘g  stereotaxic  instrument.  Bilateral 
lesions  were  placed  6  to  8  inm.  anterior  to  the  ear  bars  and  0.5  mm.  to  each  side  of  the 
midline.  The  electrodes  were  inserted  (with  0.5  mm.  bared  at  the  tip)  to  within  0.5  mm. 
of  the  base  of  the  skull.  current  of  2.5  milliamperes  was  applied  for  15  .seconds,  .\fter 
lesioning  the  animals  were  allowed  to  recover  for  at  least  two  weeks  or  until  their  weight 
had  returned  to  the  i)r(“-lesioning  level. 

The  animals  were  then  given  a  12  /xC  dose  of  carrier-free  I '•'"-iodide  and  the  24  hour 
uptake  was  det»'rmin<'d  with  a  collimated  scintillation  counter.  Starting  72  hours  after 
tracer  administration,  daily  thyroid  counts  were  performed  under  light  ether  anesthesia 
for  ten  days  and  the  biological  half-life  of  thyroidal  radioiodine,  corrected  for  physical 
decay,  was  determined  graphically.  X  three  ml.  blood  sample  was  then  taken  by  cardiac 
l)uncture,  and  protein-bound  stable  iodine  was  determined  on  the  serum  by  the  method 
of  Barker,  Humi)hrey  and  Soley  (10)  and  total  cholesterol  was  assayed  by  the  .Vbell 
method  (11). 

Tin*  animals  then  received  a  15  /xC  dose  of  and  were  placed  24  hours  later  on  a 
diet  to  which  0.15%  of  PTT  had  been  added.  Two  days  later  twice  daily  counting  of  the 
thyroid  region  was  resunu'd.  Twelve  to  15  days  after  institution  of  the  PTU  regimen  the 
T,  S  ratio  was  determined  by  the  technique  of  VanderLaan  and  Greer  (12). 

We  have  arbitrarily  defined  as  “goiter  blocks”  those  lesions  which  limited  the  PTU — 
induced  hypertrophy  to  25%  or  less  of  the  average  weight  of  the  thyroids  of  rats  which 
succumbed  to  the  lesioning  procedure.  Lesions  which  permitted  a  greater  weight  increase 
to  occur  were  termed  “ineffective,”  a  designation  which  is  meant  to  refer  onlj'  to  the  ef¬ 
fect  upon  thyroid  weight. 

Groups  of  about  20  animals  (including  controls)  were  studied.  Animals  which  failed 
to  survive  the  entire  exi)erimental  sequence  were  excluded  from  the  data  here  pre.sented. 
Six  groups,  including  a  total  of  56  lesioned  and  43  control  animals  are  described  in  this 
report. 

At  autopsy  the  brains  of  lesioned  animals  were  fixed  and  then  cut  seriall}',  and  stained 
with  cresyl  violet  acetate  for  histological  localization  of  the  lesions.  Pituitaries  were 
either  stained  with  hematoxylin-eosin  for  eliminating  the  possibility  of  ischemic  infarc¬ 
tion,  or  else  were  kept  in  a  deep  freeze  until  assayed  for  TSH  content  by  a  modification 
of  the  iodine-discharge  method  of  Gilliland  and  Strudwick  which  we  have  previously 
described  (13).  In  experiment  6  thjroidal  stable  iodine  was  determined  by  the  Barker 
method  after  dissolving  the  glands  in  4  M  sodium  carbonate.  In  this  experiment  the  rats 
did  not  receive  PTU  at  any  time. 


hmf,  19oS 


HYPOTHALAMIC  LESIONS  AND  TSH 


785 


Tablk  1.  Ekfkct  ok  lksions  on  thyroid  hypkrtrophy  and  function 


Experiment  1  1 

Experiment  2 

Lesioned  | 

('ontrols 

Lesioned  ! 

('ontrols 

\'o.  rats 

7 

0  i 

7 

7 

Vcight  (gni.) 

M-hr.U”  uptake  (%) 

403  +  15* 

313  ±5 

427±11 

378  ±  5 

4.4±().5t 

11.2±1.0  ' 

3.03+0. 2()t 

0.30  ±0.34 

lalf-life  of  thyroid  I’”  (davs) 

4.2  ±0.5 

3. 1+0. 3  i 

8.1  +t).4t 

4.7  +0.1 

’BI  (7  100  ee.) 

2.0  +  0.2t 

3.4  ±0.1 

4.7  +0.5 

:  5.4  ±0.2 

rhvroid  weight  (mg.) 

r/s 

30.5  +  1.4 

32,4+2.3 

14.30+().55t 

31 .13±1  .44 

178  ±30 

,  245  ±20 

300+ 40 1 

!  170  ±12 

Serum  cholesterol  (mg.  %) 

'  lll±7t 

1  72  ±  0 

Vdrenal  weight  (mg.) 

35.5+4.0 

27.5±2.0 

1  31  .8  +2.0 

42.0  + 1 .3 

Testicular  weight  (gm.) 

2.72+0.11 

2.70  ±0.00 

3.10±0.15 

3.40+0.11 

Pituitary  weight  (mg.) 

8.4  ±0.3 

1  0.5 +0.4 

8.07+0.30t 

12.44  +0.38 

*  Standard  error  of  the  mean. 

t  Difference  from  control  valm*  significant  at  1%  level  of  confidence. 


RESULTS 

In  Taltle  1  are  summarized  the  results  of  Experiments  1  and  2.  In  experi¬ 
ment  1  lesions  were  placed  0  mm.  anterior  to  the  ear  bars.  This  resulted  in 
lesions  caudal  to  the  paraventricular  nuclei  but  anterior  to  the  median 
eminence  as  shown  by  histological  study  of  the  brains.  Testicular  and 
adrenal  weights  were  normal.  The  pituitaries  also  were  of  normal  size.  In 
this  series  there  was  no  marked  effect  upon  the  T  S  ratio  or  thyroidal 
half-life  and  the  thyroids  responded  normally  to  PTU  with  hypertrophy. 
However,  there  were  marked  depre.ssions  of  both  the  24  hour  I'-'*'  uptake 
and  the  serum  PBI  which  were  .statistically  significant. 

In  Experiment  2  lesions  were  placed  8  mm.  anterior  to  the  ear  plugs  in 
the  area  described  as  the  “thyrotropin  center”  by  Greer.  These  lesions  were 
caudal  to  the  supraoptic  nuclei  and  de.stroyed  the  paraventricular  nuclei. 
They  did  not  affect  the  testicular  weight,  but  did  reduce  adrenal  and  pitui¬ 
tary  si^e  without  encroachment  upon  the  stalk  ves.sels  or  pituitary  infarc¬ 
tion.  The  PBI  appeared  to  decrease  slightly.  No  thyroid  hypertrophy  oc¬ 
curred  in  response  to  PTU.  The  24-hour  uptake  was  reduced  to  less  than 
half  of  control  values,  the  biological  half-life  of  thyroidal  P*‘  was  greatly 
lengthened  and  .serum  cholesterol  levels  rose.  The  T  S  ratio  was  twice  as 
high  as  in  the  controls. 

Table  2  .summarizes  experiments  8  to  o  in  which  lesions  were  placed  fi.o 
to  7.0  mm.  anterior  to  the  ear  plugs.  Only  12  out  of  the  3o  animals  lesioned 
developed  “goiter  blocks,”  although  thyroid  hypertrophy  was  significantly 
reduced  (but  not  to  goiter  block  levels)  in  the  “ineffective  lesions”  of  ex¬ 
periment  4.  It  is  evident  from  tables  1  and  2  that  lesions  which  do  not 
block  the  goitrogen-induced  thyroidal  hypertrophy  can  affect  thyroidal 
function  severely.  The  reduction  in  the  thyroidal  function  criteria  is  more 
pronounced  in  “goiter  block”  than  in  “ineffective”  lesions,  but  uptake, 
hormonal  discharge  rate  and  PBI  can  all  be  reduced  significantly  by  lesions 
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Tabli;  3.  Ekfkct  ok  lksions  in  animals  not  tkkatkd  with  PTC 


Severely  affected 

Less  affected 

('oiitrols 

No.  of  rat.'i 

Wciglit  (gm.) 

4 

4ti()±4()* 

5 

410  ±32 

0 

387  ±10 

24-hr.  P”  uptakv  (%) 

1  Half-lift'  (days) 
riiyroid  (>  mg.) 

TSH  (inc. /gland) 

3. (>+(). 3t 
8.74-().7  j 

1.04+0.08 
'  74 

■i .  1  +  1  . 1 

0.8+0. 3 

1  .58+0.20 

210 

8.2  ±0.7 

7. 2+0. 2 

1  .03+0.17 

400 

Thyroid  weight  (mg.) 

.Vdrciial  weight  (mg.) 

Pituitary  weight  (mg.) 

Testieidar  weight  (gm.) 

10.3±0.8 
47.0+3.4 
7.0+1  .0 
0.02±0.20t 

15.0  +  1.1 
40.5+4. 0 

8.0  +0.0 

2.0  +  0.44 

15.7  +  1  .8 

51  .2+3.5 
10.0+0.5 
3.50+0.12 

*  Standard  error  of  tin*  mean. 

t  Differenee  from  control  value  sif^niHeaiit  at  1%  level  of  eonfidence. 


wliich  do  not  prevent  goiter  formation.  In  Experiment  4,  tlie  T  S  ratio 
was  higlier  in  the  animals  with  {roiter  block  lesions  than  in  control  animals. 
In  Experiments  II  and  o  this  was  also  true,  but  the  differetices  from  control 
values  were  not  statistically  significatit  at  the  1%  level.  The  animals  hav¬ 
ing  “ineffective”  lesions  had  T  S  values  which  were  tiot  significantly  dif¬ 
ferent  from  control  values  i»i  any  of  these  experimetits. 

As.says  for  hypophyseal  TSH  content  after  PTE  feeding  showed  a  de- 
crea.sed  content  per  gland  in  “ineffective”  lesiojis  and  a  very  marked  de- 
crea.se  in  the  glands  from  “goiter  block”  animals. 

In  Table  3  are  shown  the  re.sults  of  Experiment  6  in  which  the  use  of 
PTE  was  avoided.  It  was  therefore  impossible  to  ascertain  whether  the 
lesions  were  truly  “goiter  blocking”  or  not.  Esing  the  results  of  the  previ¬ 
ous  experiments,  however,  the  animals  were  divided  into  a  more-  and  a  less- 
affected  group  as  judge<l  by  iodine  metabolism  criteria.  The  thyroidal 
iodine  .stores  were  then  as.sayed  and  found  unchanged  from  control  values. 
In  these  animals,  as  in  tho.se  which  had  been  treated  with  PTE,  pituitary 
TSH  stores  were  only  1  5  of  normal  i?i  the  animals  showing  the  greatest 
changes  in  iodine  metabolism,  while  the  le.ss  affected  animals  had  about  12 
of  the  control  TSH  stores.  In  this  experiment,  the  lesions  were  large  and  in 
many  cases  encroached  upon  centers  known  to  influence  gonadotropin 
secretion.  However,  we  never  found  any  correlation  between  testicular 
atrophy  and  the  extent  of  reduction  of  thyroid  function  in  the  11  animals 
in  which  atrophic  testes  were  found  at  autop.sy.  Nor  could  the  occurrence 
of  hyperphagia  or  polydipsia  be  correlated  with  reduction  of  thyroid  func¬ 
tion.  Gonad  atrophy  and  hyperphagia  were  common  in  extensive  lesions. 

DISCUSSION 

Our  experiments  show  that  lesions  can  have  a  range  of  effectiveness.  The 
24  hour  uptake  of  P®^  appears  to  be  most  sensitiv'e  to  hypothalamic  inter¬ 
vention,  followed  by  the  thyroidal  radioiodine  discharge  rate  and  the  PBI. 
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Of  particular  interest  are  the  fiiulings  of  Experiment  4  in  which  we  found 
that  the  thyroid  weight  response  can  he  significantly  reduced  by  lesions 
which  do  not  qualify  as  “goiter  blocks”  since  the  glands  still  hypertrophy 
strikingly,  but  do  so  less  than  the  controls.  The  serum  cholesterol  level, 
which  would  be  expected  to  be  inversely  proportional  to  thyroid  function 
was  highest  in  “goiter  block”  and  less  elevated  in  “ineffective”  lesions, 
“Ineffective”  lesions  in  the  anterior  hypothalamus  appeared  to  cause 
smaller  depressions  of  thyroid  function  than  “goiter  block”  lesions,  but  the 
depression  was  (juite  clear  nevertheless. 

The  “graded”  response  we  ob.served  would  seem  to  support  the  thesis 
that  hypothalamic  lesions  act  by  reducing  pituitary  TSH  secretion.  Our 
assay  methods  were  not  sufficiently  .sensitive  to  mea.sure  .serum  TSTl 
levels,  but  D’Angelo  and  Traum  (8)  have  shown  that  the.se  are  reduced  by 
anterior  hypothalamic  lesions.  Our  a.s.says  of  pituitary  TSH  content  .sup¬ 
port  their  findings  since  we  found  that  ineffective  lesions  caused  a  reduc¬ 
tion  to  60%  of  control  levels  and  goiter  block  le.sions  reduced  it  to  20%  in 
animals  which  had  been  administered  PTU  for  two  weeks.  In  Experiment 
6,  where  no  PTU  was  given,  the  TSII  levels  decreased  similarly  in  the  two 
lesioned  groups  when  the  assignment  into  the  two  groups  was  made  on 
the  basis  of  thyroid  function.  While  it  is  not  permissible  to  argue  from 
pituitary  .stores  to  circulating  serum  levels,  our  data  in  conjunction  with 
.  D’.Vngelo’s  findings  would  indicate  that  in  lesioned  animals  TSII  produc¬ 
tion  is  reduced.  There  does  not  appear  to  be  any  interference  with  the  nor¬ 
mal  release  mechanism  and  with  the  influence  of  PTU  upon  the  relea.se. 

Our  data  concerning  the  total  iodine  contents  of  the  thyroids  of  lesioned 
and  control  animals  which  had  not  received  PTU  indicate  no  changes 
which  could  be  correlated  with  altered  iodide  uptake.  This  indicates  that 
total  glandular  iodine  content  alone  cannot  explain  the  alterations  in  the 
iodide  trap  by  the  mechanism  demonstrated  by  VanderLaan  and  Caplan 
(12).  However,  changes  in  the  distribution  of  iodine  among  iodinated  com¬ 
pounds  in  the  gland  do  occur  and  are  currently  under  investigation. 

It  is  of  some  interest  that  pituitary  size  decrea.sed  in  lesioned  animals. 
In  only  one  experiment  was  this  decrease  .statistically  significant  at  the  1% 
level,  but  it  occurred  also  in  the  other  two  experiments  in  which  pituitary 
weight  was  determined.  This  weight  decrea.se  was  not  due  to  ischemia  or 
infarction.  The  decrease  in  pituitary  weight  may  well  be  due  to  the  decrease 
in  the  number  of  acidophil  cells  Bogdanove  et  al.  (14)  have  de.scribed. 

Our  data  would  seem  to  be  most  readily  interpreted  by  po.stulating  that 
the  production  of  a  single  thyrotropin  is  under  partial  hypothalamic  con¬ 
trol.  A  lower  circulating  TSH  level  would  account  for  the  response  of  all 
thyroid  function  aspects  except  the  T  S  ratio.  It  is  not  valid  to  con.sider 
differences  in  the  T  S  ratio  between  experimental  animals  showing  great 
differences  in  thyroid  size,  and  it  is  unfortunate  that  so  much  of  the  “two 
thyrotropin”  hypothe.sis  in  the  rat  re.sts  upon  this  criterion  (1,  15).  How- 
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ever,  the  present  experiments  need  to  he  interpreted  cautiously  and  prob¬ 
ably  apply  to  the  rat  only.  There  appear  to  be  great  differences  in  the  con¬ 
trol  of  thyroid  function  in  various  species.  McMenamin,  Florsheim  and 
Sawyer  (16)  were  unable  to  establish  the  existence  of  a  thyrotropin-con¬ 
trolling  area  in  the  hypothalamus  of  the  rabbit,  and  the  work  of  Knigge 
and  Solomon  (17)  in  the  hamster  also  indicates  a  hypothalamus-pituitary- 
thyroid  interrelationship  which  differs  from  that  found  in  the  rat.  A  final 
conclusion  of  the  controversy  about  the  existence  of  more  than  one  thyroid 
stimulating  hormone  will  have  to  await  further  exploration  of  hypothal¬ 
amus-pituitary-thyroid  interrelationships  in  all  of  these  species  and  a 
satisfactory  explanation  of  the  differences  which  have  been  reported. 

SUMMARY 

The  response  of  thyroid  function  to  anterior  hypothalamic  lesions  has 
been  determined  in  the  rat  using  a  number  of  thyroid  function  tests.  The 
results  of  all  tests  excepting  only  the  T  8  ratio  would  appear  to  be  most 
readily  explained  by  an  interference  with  the  hypophyseal  production  of 
thyrotropin  by  such  lesions,  with  “goiter  block”  lesions  being  most  effec¬ 
tive  in  reducing  TSH  production. 
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AHSTRACT 

Tlio  effect  of  hyi)othalainie  lesions  on  estrous  behavior,  the  pituitary  con¬ 
tent  of  ftona(lotr(»j)hin  and  tlie  histologic  picture  of  the  ovary,  the  uti'rus,  the 
adrc'uals,  and  thyroid  have  been  inv('stigated  by  the  stereotaxic  production 
of  electrolytic  lesions  of  tin*  hy|)othalainus  in  twelve  cycling  ewes.  Destruction 
limited  to  the  inassa  intermedia  or  ojjtic  chiasm  (d  animals)  had  no  effect  on 
cycles,  but  lesions  in  the  ventral  hypothalamus  with  a  common  area  just 
above  the  median  eminence  anteriorly  abolished  heat  (9  animals).  There  were 
no  changes  in  the  adrenals,  and  only  slight  changes  in  the  thyroids  of  the  ani¬ 
mals  with  lesions.  Two  of  the  animals  in  which  heat  was  abolished  showed  large 
corpora  lut('a  at  autopsy,  and  another  one  of  the.se  animals  had  a  mature 
follicle.  On  the  other  hand,  in  one  of  two  animals  in  which  cycles  were  abolished 
a  low  pituitary  content  of  both  FSH  and  LH  was  found.  In  the  other,  a  re¬ 
duced  jjituitary  content  of  LH  was  demonstrated.  Doth  showed  histologically 
anestrous  uteri  ami  small  pituitaries.  The  pituitary  gonadotrophin  content  of 
all  of  the  remaining  lesioned  animals  without  C3cles  was  not  essentialh"  dif¬ 
ferent  from  that  of  animals  in  which  cycles  continued.  It  is  concluded  that 
lesions  in  the  anterior  hypothalamus  abolish  heat  in  the  estrous  ewe  without, 
at  least  in  some  cases,  changing  the  cv  clical  endocrine  relationship  betwc'en  the 
pituitary  and  ovar.v. 

IN  ANIMALS  like  the  ral)l)it,  which  ovulate  only  after  copulation,  and 
in  spontaneously  ovulating  polyestrous  species  like  the  rat,  there  is  con¬ 
siderable  evidence  that  sexual  cycles  are  at  least  in  part  under  hypotha¬ 
lamic  control.  This  evidence  has  l)een  discu.ssed  in  detail  in  a  review  by  Har¬ 
ris  (1).  Gonadal  function  in  the  ferret,  an  animal  which  is  anestrous  in  the 
winter  and  estrous  in  the  summer,  is  also  probably  under  diencephalic  con¬ 
trol  (2),  There  are,  however,  no  data  on  the  role  of  the  hypothalamus  in 
the  control  of  estrous  cycles  in  sheep,  a  species  in  which  polyestrus  alter¬ 
nates  with  anestrus.  Accordingly,  the  following  studies  were  undertaken  to 

Received  October  15,  1957. 

'  These  studies  were  supported  in  part  by  a  grant-in-aid  from  the  Commonwealth 
Fund.  I 

*  Present  address:  Department  of  Zoolog.v,  Division  of  Biological  Sciences,  North 
Carolina  State  College,  Raleigh,  N.  C. 


790 


June,  19o8  HYPOTHALAMIC  LESIONS  AND  ESTRUS  IN  SHEEP  791 

nvestigate  the  effect  of  hypothalamic  lesions  on  estrous  behavior  and  the 
oattern  of  gonadotrophin  secretion  in  the  ewe. 

MATERIALS  AND  METHODS 

Twelve  sexually  inatun',  cycling  ewes,  of  mixed  breed,  were  studied.  .\11  animals  were 
naintained  in  pens  and  fed  hay  and  eoncentrates.  The}'  were  checked  daily  for  reeep- 
ivity  to  the  male  by  j)lacing  them  with  a  vasectomized  or  aproned  ram. 

After  at  least  one  and  in  many  instances  two  or  three  heats  were  observed,  electrolytic 
esions  were  placed  stereotaxically  in  the  hypothalamus  of  each  of  the  twelve  animals 
)}•  a  modification  of  the  technique  of  Hume  and  Ganong  (3).  With  the  animal’s  head  fixed 


Fig.  1.  Photograi)h  of  stereotaxic  apparatus  with  shei'p’s  head  in  position. 


in  the  stereotaxic  machine  (Fig.  1),  a  hole  was  drilled  in  the  skull,  and  a  twenty-six 
gauge  stainless  steel  needle  inserted  into  the  third  ventricle.  .\n  injection  of  0.1.5  ce.  of  a 
70%  solution  of  aeetotriazoate  was  made  and  a  lateral  X-ray  film  taken.  The  ventriculo¬ 
gram  thus  obtained  outlined  the  mammillary  bodies,  the  optic  chiasm,  and  the  massa 
intermedia  (Fig.  2).  Simple  adjustments  of  the  stereotaxic  apparatus  permitted  the  inser¬ 
tion  of  electrodes  with  a  high  degree  of  accuracy  into  any  desired  portion  of  the  brain 
bounding  the  third  ventricle.  In  most  instances,  two  electrodes  were  used,  and  a  direct 
current  of  6  milliamperes  for  two  to  three  minutes  applied  to  each.  Postoperatively  the 
•mimals  did  well  and  daily  checks  for  heat  continued  for  60  days,  or  in  three  instances, 
until  the  animals  were  sacrificed. 

At  autopsy,  the  hypothalamus  was  removed,  fixed  in  10%  neutral  formalin  and  se- 
■ially  sectioned  transversely  at  15  micra.  Each  twentieth  section  was  stained  with  he¬ 
matoxylin  and  eosin  and  examined.  Study  of  these  sections  permitted  the  reconstruction 
)f  the  lesion  in  each  individual  animal  on  a  diagram  of  the  mid-sagittal  section  of  the 
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hypothalamus  and  pituitary.  The  thyroid  and  adrenals  were  dissected  and  weighed. 
These  tissues,  as  well  as  specimens  of  the  uteri  were  fixed  in  Bouin’s  solution  for  subse¬ 
quent  staining  with  hematoxylin  and  eosin  and  histologic  examination.  The  number  and 
size  of  follicles  and  number  of  corpora  lutea  in  each  ovary  were  recorded  at  the  time  of 
autops3'  and  the  reproductive  tract  was  examined  grossly. 

The  whole  pituitary  was  removed  as  rapidly  as  possible  after  death,  weighed,  frozen 
in  dr\'  ice  and  the  posterior  lobe  removed.  The  anterior  lobes  were  Ij-ophilized  and  tin 
dried  powder  assaj’ed  for  FSH  and  LH.  FSH  was  determined  bj'  a  modification  of  tin 
method  of  Steelman  and  Pohlej'  (4).  A  mixed  suspension  of  16  mg.  of  anterior  lobe 
powder  and  10  i.u.  of  human  chorionic  gonadotrophin  (HCG)  was  injected  subcutane¬ 
ously-  twice  daily  for  three  day-s  into  22-day  old  Sprague-Dawley  female  rats.  LH  was 


Fig.  2.  Ventriculogram  of  sheep’s  brain.  (A)  Stainless  steel  needle  inserted  into  tlu 
third  ventricle;  (B)  Mas.sa  intermedia;  (C)  Optic  chiasm;  (D)  Mammillary  body; 
(E)  Aqueduct  of  Sylvius. 


assayed  on  the  basis  of  the  v-entral  prostate  respon.se  of  22-day'  old  hypophysectomized 
male  Sprague-Dawley  rats  injected  intraperitoneally  twice  daily  for  four  days  with  c 
total  of  2  mg.  of  a  suspension  of  the  dried  anterior  lobe  (5).  The  results  for  each  pituitary 
were  quantitated  by  comparison  with  standard  FSH  and  LH  preparations.® 

In  Northern  California,  this  mixed  breed  of  sheep  begins  to  show  recurrent  period 
of  heat  about  the  first  of  August  and,  in  most  cases,  becomes  anestrous  by  the  followin, 
March  or  April.  In  the  present  experiments,  checking  for  cycles  was  begun  in  Octobei 
lesions  were  produced  in  October  and  November,  and  except  for  three  animals  which  wer 
sacrificed  at  the  end  of  Z'Jovember,  the  ewes  were  killed  the  following  March. 

*  Follicle  stimulating  hormone  (FSH),  Lot  No.  R377201  and  Luteinizing  hormon 
(LH),  Lot  No.  R3772424  were  generously  provided  by  Dr.  Irby  Bunding  of  Armou 
Laboratories. 
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Table  1.  Effect  of  hypothalamic  lesions  on  the  estrocs  cycle  in  sheep 


Kwe 

anib(*r 

Lesion  location 

Dates  of  heat 
before  lesion 

Date  of 
lesion 

Dates  of  heat 
after  lesion 

Date  of 
autopsy 

Ovarian  histoloRy 

Diameter  No, 

of  largest  corpora 
follicle  lutea 

(mm.)  present 

ITerinc 

histology 

,5621 

Massa  intermedia 

11-1,  11-16 

11-30 

12-18,  1  4 

1-19 

.3-22 

4 

0 

cyclic 

.5504 

Massa  intermedia 

11-10 

12  4 

1-7 

3-20 

5 

0 

cvelic 

2523 

Optic  chiasm 

9-7,9-24 

10-8 

10- 13,  10  .30, 

11- 17 

11-2.3 

5 

- 

cyclic 

.5881 

Over  stalk 

11-25 

12  4 

none 

3-2.3 

3 

1 

cyclic 

,5872 

In  stalk  and  above 

11-29 

11-30 

none 

3-  2.3 

4 

2 

cvelic 

3.369 

Anterior  median 
eminence 

9-  11 

10  8 

none 

11-2.3 

10 

0 

cyclic 

.5480 

Posterior  tuber, 
over  stalk 

11-15 

12  4 

none 

.3  21 

19* 

0 

cyclic 

.5960 

Anterior  median 
eminence 

IIV  2.5,  11  11 

11-27 

none 

3  23 

5 

0 

cyclic 

3595 

Over  stalk 

8  27,  9  12, 
9-28 

10-8 

none 

11-23 

3 

0 

acyclic 

.5825 

Stalk  and  above 

rf 

11  27 

none 

.3  22 

4 

0 

acyclic 

5440 

Stalk,  i>osterior 
tuber 

11-10,  11-26 

11  30 

none 

3  20 

4 

0 

cyclic 

.5987 

Posterior  tuber 

11  19 

12  4 

none 

3  23 

5 

0 

cyclic 

♦  OeRoneratinK. 


RESULTS 

The  effects  of  the  lesions  on  estrous  behavior  and  the  histology  of  the 
ovaries  and  uterus  are  summarized  in  Table  1.  Six  of  the  animals  had  one 
heat  before  lesions  were  produced,  four  had  two,  and  two  had  three  heat  pe¬ 
riods.  Postoperatively,  in  three  animals,  heat  continued  to  occur  recur¬ 
rently.  One  of  these  animals  had  only  one  observed  cycle  before  being 
killed,  but  the  other  two  had  three  each  at  regular  17-day  intervals.  Lesions 
in  two  of  these  animals  were  in  the  massa  intermedia,  and  in  the  other,  the 
optic  chiasm. 

The  remaining  nine  animals  had  no  postoperative  heat  periods.  Lesions 
in  these  animals  involved  the  ventral  hypothalamus  bilaterally,  in  and 
near  the  median  eminence.  They  ranged  from  the  back  of  the  optic  chiasm 
anteriorly  to  the  anterior  edge  of  the  mammillary  bodies  posteriorly,  but 
all  lesions  had  in  common  a  small  bilateral  area  of  destruction  located  just 
above  the  anterior  third  of  the  median  eminence  (Fig.  3). 

One  of  the  three  animals  in  which  cycles  continued  after  lesion  produc¬ 
tion  was  killed  in  November  seven  days  after  a  heat  period.  This  animal 
liad  two  normal  appearing  corpora  lutea.  The  remaining  two  animals  were 
killed  in  March.  The  ovaries  of  both  animals  showed  only  small  to  medium 
ize  follicles  and  no  corpora  lutea.  Among  the  animals  with  no  cycles  post- 
operativ^ely,  six  had  only  small  to  medium  follicles  in  their  ovaries.  How- 
ver,  two  animals  in  this  group,  three  months  after  their  last  observed  be- 
lavioral  heat,  had  well  developed  corpora  lutea  in  their  ovaries,  and  one 
nimal  had  a  large  mature  follicle.  It  is  of  some  interest  that  all  three  of 
hese  animals  had  lesions  anterior  to  the  pituitary  stalk. 

One  non-cycling  animal  (ewe  5480)  had  a  very  large  abnormal  follicle, 
^'he  histological  picture  showed  a  very  thin  thecal  layer  and  degenerating 
.ranulosa  cells.  Because  of  this  anomaly,  the  ovarian  weight  of  this  ewe 
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EFFECT  OF  HYPOTHALAMIC  LESIONS  ON 
ESTROUS  BEHAVIOR  IN  EWES 

GZ)  Inclusive  area  destroyed  by  lesions 
Area  common  to  lesions 


MALE  ACCEPTED  MALE  NOT  ACCEPTED 

3  ANIMALS  9  ANIMALS 

Fig.  3.  Diagram  illustrating  the  areas  in  which  lesions  were  plaei'd.  The  lesions 
are  projeeti'd  on  a  mid-sagittal  section  of  the  hj'pothalamus. 

was  greater  than  normal.  In  one  other  non-cycling  animal  (ewe  o82o),  the 
ovarian  weight  was  smaller  than  normal.  With  the.se  two  exceptions,  thi' 
size  of  the  ovaries  was  not  different  from  normal  sheep. 

On  the  basis  of  the  microscopic  appearance  of  the  uterine  epithelium  aiui 
the  size  of  the  uterine  glands,  as  well  as  the  amount  of  edema  or  extravasa¬ 
tion  in  the  uterine  mucosa,  the  uteri  were  classified  as  either  cyclic  os 
acyclic.  No  further  attempt  was  made  to  differentiate  the.se  ti.s.sues  with 
respect  to  stage  of  the  estrous  cycle.  The  uteri  of  the  animals  in  which  regu¬ 
lar  heat  periods  continued  were  judged  to  be  cyclic.  In  two  of  the  nim 
animals  in  which  e.strous  behavior  was  inhibited  (ewe  o82o  and  ewe  3595) 
the  histological  picture  of  the  uterus  was  that  of  anestrus,  but  in  the  re 
maining  .seven  a  cyclic  pattern  was  pre.sent. 

The  assays  of  the  pituitary  for  gonadotrophic  activity  are  .summarized  ii 
Table  2.  Ewe  5825  had  a  low  content  of  both  LII  and  FSH,  but  the  pitui 
tary  was  .small  in  this  animal  and  the  le.sion  involved  much  of  the  pituitary 
stalk.  Accordingly,  infarction  of  the  anterior  lobe  may  well  have  been  pres 
ent  (6).  The  remaining  animals  in  which  heat  periods  were  aboli.shed  did 
not  show  pituitary  FSH  and  LH  levels  significantly  different  from  tho.se 
in  the  animals  which  continued  to  cycle.  Pituitaries  of  normal  non-operated 
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TaBI.K  2.  PlTl'lTARY  CON ADOTROPHIN  {'OXTENT  OF  SHEEP 
WITH  HYPOTHALAMIC  I.ESIONS 


Material 

injected 

.\verage 
ovarian 
wt.,  mg. 
(mean  +S.I' 

■:.) 

.\verage 

ventral  FSH 

prostate  .\.r.  per 

wt.,  mg.  ant.  lobe 

(mean  ±S.i;.) 

l.H 

mg.  eipiiv. 
per 

ant.  lobe 

Total 
dried 
ant.  lobe 
wt.,  mg. 

.\nterior 
lo!)e  from 
donor  ewe 

number 

l']wp.>i 

5825 

(2)  51 . 1  ± 13.0 

(4)  14.3+1.3  0.41 

1  .5 

48 

refusinj; 

.5im() 

(0)  48.0  + 

3.0 

(5)  21  .2+3.4  0.85 

7.0 

108 

mule 

5440 

(0)  03.0 ± 

8.0 

(0)  20.5+3.1  2.45 

10.0 

157 

5872 

(5)  70.0  ± 

5 .4 

(5)  10.0  +  1.0  1.10 

0.0 

00 

5480 

(0)  45.4  + 

2.3 

(3)  17.0+3.4  0.81 

0.0 

120 

5087 

(0)  50.5 ± 

5.8 

(1)23.0  1.28 

24.2 

140 

.5881 

(0)  73.1  ± 

5 .0 

(0)  18.0  +  1.1  2.05 

15.4 

104 

3300 

(5)  51 . 1  ± 

3.7 

(5)30.0  +  1.8  1.13 

58 . 5 

180 

3.505 

(4)  87.3  ± 

0.7 

(0)  10.4  ±1.3  1  .38 

7.2 

80 

Kwe.s  ac¬ 

2.523 

(5)  ,52.8  + 

b.3 

(5)  30.8±3.0  1  .50 

85.0 

200 

cepting 

5504 

(5)  04.3  ± 

4.1 

(5)  24.8+3.5  1.58 

23.0 

120 

male 

.5()21 

(0)  51.5  + 

4.1 

(5)  17.0+2.1  1  .27 

7.5 

141 

Standard 

FSH 

0.1  A.r. 

(0)  .52.0  + 

5.8 

0.5  A.r. 

(12)  110.7± 

8.2 

1 .0  A.r. 

(12)  134. 7± 

0.7 

Staiulard 


0. 1();i  111  '.  (!»)  I.=i.  "1  +  1.2 

0.212  m^'.  (S)  24.0+2.0 

0.848  111'.  (4)  38.4  ±0.5 

(’ontrol  (8)  35.3±  1.3  (13)  8.4+0.47 

S.lv  =staii<lard  error;  .\.U.  =  .\rnioiir  unit. 

Xumlipr.s  ill  parentheses  represent  the  number  of  rats  u.sed  per  assay  Kroup. 

animals  were  not  assayed  in  the  present  study. 

The  histological  picture  and  weight  of  the  adrenal  glands  in  all  animals 
were  essentially  the  same  as  those  found  in  normal  cycling  sheep  (7).  No 
abnormalities  of  the  cortex  or  medulla  were  .seen.  The  height  of  the  thyroid 
epithelium  was  lower  than  normal  in  four  animals.  Three  of  these  ewes  had 
large  .stalk  lesions.  The  differences,  however,  between  these  and  the  other 
animals  with  le.sions  were  .slight,  and  further  data  on  the  function  of  the 
thyroid  in  the.se  animals  would  be  necessary  l)efore  definite  conclusions 
could  be  drawn. 

niscussiox 

In  the  present  study,  heat  was  clearly  inhibited  by  le.sions  in  the  ventral 
hypothalamus.  Whether  the  effects  were  limited  to  the  behavioral  mani¬ 
festations  of  the  estrous  cycle  or  included  interruption  of  the  endocrine 
relationship  between  the  pituitary  and  ovary  is  more  difficult  to  decide. 
The  available  data  which  can  be  brought  to  bear  on  this  problem  are  (1) 
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the  ovarian  changes  found  at  autopsy,  (2)  the  changes  in  the  uterus,  (8) 
and  the  pituitary  content  of  gonadotrophic  hormones. 

There  are  apparently  no  data  available  on  the  picture  of  the  ovary  in  the 
hypophysectomized  sheep.  However,  in  the  immature  and  mi(l-anestrous 
animal,  the  ovary  contains  no  corpora  lutea  and  shows  only  small  to 
medium  follicles,  the  largest  diameter  u.sually  reported  being  about  5  mm. 
During  the  polyestrous  part  of  the  year,  the  ovarian  picture  will  include, 
of  course,  large,  mature  follicles  and  corpora  lutea.  The  corpus  luteum  in 
the  ewe  reaches  its  maximum  size  at  six  to  eight  days  after  estrus,  begins  to 
regress  at  about  the  fourteenth  day,  and  at  the  end  of  the  second  cycle  is  a 
mere  vestige  (8).  Therefore,  the  presence  of  corpora  lutea  or  large  mature 
follicles  indicates  stimulation  of  the  ovary  by  the  pituitary.  Six  of  the  ani¬ 
mals  with  lesions  in  which  behavioral  heat  was  abolished  had  only  small  to 
medium  follicles  in  their  ovaries,  but  two  had  fresh  corpora  lutea  and  one 
had  a  large  mature  follicle.  In  the  latter  three  animals,  therefore,  there  is 
presumptive  evidence  that  only  the  behavioral  manifestations  of  e.strus 
were  inhibited. 

Similarly,  all  but  two  of  the  animals  in  which  cycles  were  abolished 
showed  a  uterine  histological  picture  which  was  not  anestrous.  These  re¬ 
sults  also  suggest  that  there  was  no  deficienc}’  of  pituitary  gonadotrophin 
secretion  in  most  of  the  non-cycling  animals. 

■  The  final  evidence  which  can  be  brought  to  bear  on  this  problem  is  the 
data  on  gonadotrophin  content  of  the  pituitary  glands.  It  is  admittedly 
difficult  to  generalize  from  the  pituitary  content  of  a  given  hormone  with 
respect  to  its  rate  of  .secretion  into  the  blood  .stream.  In  the  rat,  however, 
it  has  been  claimed  that  gonadotrophin  assays  of  the  pituitary  are  a  very 
sen.sitive  indicator  of  the  gonadotrophin  deficiency  induced  by  hypotha¬ 
lamic  le.sions  (9,  10).  The.se  experiments  indicated  that  even  when  the  go¬ 
nads  were  of  normal  size,  there  was  often  marked  depression  of  the  gonado¬ 
trophin  content  of  the  pituitary  glands.  In  the  pre.sent  .study,  all  animals 
but  one  among  the  ewes  in  which  heat  was  abolished  showed  gonadotrophin 
levels  which  were  not  significantly  different  from  those  found  in  the  ewes 
in  which  cycling  continued.  The  one  animal  with  a  low  content  of  both 
hormones,  as  noted  above,  had  a  large  stalk  le.sion,  and  probably  some 
pituitary  infarction.  Recent  studies  have  shown  that  extensive  necrosis  of 
the  anterior  lobe  follows  stalk  section  in  the  sheep  (6). 

Santolucito  (7)  has  studied  the  gonadotrophin  content  of  the  ewe  pitui¬ 
tary  at  various  stages  of  the  estrous  cycle,  using  the  same  assay  methods 
employed  in  the  pre.sent  study.  The  FSH  values  he  ob.served  were  not  sig¬ 
nificantly  different  from  the  values  in  the  pre.sent  study  with  the  exception 
of  ewe  5825.  On  the  other  hand,  the  LH  values  he  reported  were  generally 
higher  than  those  found  in  our  animals  with  hypothalamic  le.sions.  The  ex¬ 
tent  to  which  his  values  can  be  compared  to  ours  is  limited,  however,  since 
he  did  not  study  anestrous  animals  and  he  did  not  u.se  comparable  standard 
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I  pituitary  gonadotrophic  hormone  preparations. 

The  conclusion  seems  justified,  on  the  basis  of  the  cyclic  histological  pic¬ 
ture  of  the  uterus  and  the  absence  of  marked  depressions  of  pituitary  FSH 
and  LH  content,  that  pituitary  secretion  of  these  gonadotrophic  hormones 
continued  in  at  least  some  of  the  animals  with  hypothalamic  lesions  in  the 
absence  of  behavioral  heat.  Whether  or  not  this  .secretion  was  sufficient  to 
bring  about  normal  periodic  ovulation  cannot  be  determined  from  this 
study.  To  answer  this  (juestion  a  repetitive  visualization  of  the  ovary  in 
the  live  animal  is  required.  These  studies  are  underway  at  the  present  time. 

Ab.sence  of  mating  l)ehavior  following  hypothalamic  lesions  has  l)een 
reported  in  a  variety  of  species.  The  early  experiments  of  Dempsey  and 
Rioch  (11)  and  Bard  (12)  suggested  the  existence  of  a  center  in  the  poste¬ 
rior  hypothalamus  or  rostral  mesencephalon  which  controlled  estrous  be¬ 
havior  in  the  female  guinea  pig  and  cat,  but  subsequent  studies  have  shown 
[  that  ventral  anterior  hypothalamic  lesions  block  mating  in  both  species 

j  (13,  14,  lo,  Ifi).  Some  evidence  .suggests  the  existence  of  a  similar  ceiiter 

in  the  rat  (17,  18).  Furthermore,  both  Brookhart  and  his  collaborators 
(13),  and  Sawyer  and  Robinson  (16)  have  shown  that  this  effect  can  be 
I  produced  without  interruption  of  pituitary  gonadotrophic  activity.  The 

present  studies  confirm  the.se  observations  and  add  the  ewe  to  the  list  of 
I  animals  in  which  ventral  hypothalamic  lesions  just  behind  the  optic  chiasm 
abolish  heat  without  apparently  altering  pituitary-ovarian  endocrine  ac- 
j  tivity. 
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LIPID-SHIFTING  PROPERTIES  OF  17a-METHYL-17- 
HYDROXY-5(l())-ESTREN-3-OXE,i  A  STEROID 
WITH  BOTH  ESTROGENIC  AND  ANDRO¬ 
GENIC  ACTIVITIES 

D.  L.  COOK,  R.  A.  EDGREN  and  F.  J.  SAUNDERS 

Dirision  of  Biological  Research,  G.  I).  Searle  tfc  Co.,  Chicago  SO,  Illinois 
ABSTRACT 

1 7a-.Mpthyl-l 7-hydroxy-o(  10)-(‘str(‘ii-3-()n<“  (SC -(5582)  possessed  approxi- 
mat<“ly  1 1  to  40%  the  activity  of  estrone  in  dejjn'ssing  the  plasma  cholesterol- 
phospholipid  ratio  in  cholesterol-fed  cockerels,  whereas,  it  had  only  0.1  to 
0.9%  the  activity  of  estrone  when  tc'.sted  on  uterine  growth  of  mice,  and  only 
about  0.2%  when  evaluated  with  rat  vaginal  smears.  The  reduction  in  cho¬ 
lesterol-phospholipid  ratio  for  both  estrone  and  the  compound  was  due  to  an 
increase  in  plasma  phospholipids  with  no  reduction  in  plasma  cholesterol.  In 
addition  to  lipid-shifting  and  estrogenic  activities,  the  compound  was  a  weak 
androgenic  and  myotrophic  agent.  The  possible  effects  of  a  compound  po.ssess- 
ing  such  a  mixture  of  activities  on  the  blood  lipids  of  man  have  been  discussed. 

The  predominance  of  coronary  artery  disease  in  males  over  premeno¬ 
pausal  females  and  the  hlood  lipid-sliifting  activitj’  of  estrogens  have 
re.sulted  in  the  exploration  of  the  possible  utility  of  estrogens  in  the  treat¬ 
ment  of  atherosclerosis  (1).  Altliough  the  inhibition  and  reversal  of  chole.s- 
terol-induced  coronary  atherosclerosis  in  chickens  is  well  known  (2),  de¬ 
finitive  evidence  that  estrogens  are  beneficial  in  the  treatment  of  coronary 
di.sea.se  in  man  is  still  lacking.  The  chronic  administration  of  estrogens  in 
male  patients  has  been  hampered  by  the  feminizing  properties  of  these 
agents.  It  was  considered  de.sirable,  therefore,  to  .search  for  a  sub.stance 
that  would  promote  beneficial  shifts  in  blood  lipids  and  yet  be  largely  de¬ 
void  of  estrogenic  properties.  This  report  summarizes  biological  studies 
on  17a-methyl-17-hydroxy-5(10)-estren-3-one  {SC-6o82),  a  steroid  pos.sess- 
ing  potent  lipid-shifting  properties  with  relativ’ely  weak  estrogenic  and 
androgenic  activities.  This  compound  has  the  following  .structure: 

CH3 
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*  This  compound  was  synthesized  by  Dr.  Frank  B.  Colton  of  the  Division  of  Chemical 
Research,  G.  D.  Searle  &  Co.  I'.V.  absorption  spectroscopy  offered  a  sensitive  and 
quantitative  measure  of  possible  contamination  by  aromatic  or  conjugated  steroids.  By 
means  of  such  studies  the  maximum  aromatic  estrogen  or  conjugated  androgen  con¬ 
taminations  were  0.3  and  0.02%  respectively.  The.se  amounts  of  impurities  could  not 
account  for  the  biological  properties  reported  in  this  paper. 
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Methods.  Lipid  studies  were  carried  out  in  Hy-line  cockerels  weeks  old 
t  the  beginning  of  the  experiments.  During  test  they  were  fed  a  mash  con¬ 
fining  2%  cholesterol  and  5%  cottonseed  oil.  All  test  substances  were  dis- 
olved  in  corn  oil  and  administered  subcutaneously;  control  birds  were 
iven  corn  oil  in  volumes  equivalent  to  those  given  treated  birds.  Injec- 
!ons  were  given  daily  for  3  days  (except  for  the  lii-day  tests),  and  24 
ours  following  the  last  dose,  blood  samples  were  taken  from  the  wing  vein 
1  heparinized  syringes.  Plasma  total  cholesterol  was  determined  by  the 
iiethod  descril)ed  by  Zlatkis,  et  at.  (3).  The  lipid  phosphorus,  determined 
<y  Sperry’s  method  (4),  was  multiplied  by  the  factor  2.5  to  give  the  amount 
(if  total  phospholipids. 

Kstrogenic  activity  was  determined  from  uterine  growth  studies  in  mice 
.  'id  vaginal  smear  studies  in  rats.  For  mice  the  assay  procedure  of  Rubin, 

(f  aL,  as  modified  by  Edgren  (o),  was  followed.  Vaginal  smear  .studies  were 
( onducted  according  to  the  method  described  by  Edgren  and  Calhoun  (6). 

Androgenic  and  myotrophic  activities  were  determined  in  immature  male 
lats  by  the  method  of  Ei.senl)erg  and  Gordan  (7).  The  compound  was  ad¬ 
ministered  in  7  equal  do.ses,  starting  3  weeks  after  castration.  The  rats 
averaged  1.50  gm.  at  the  start  of  the  injection  period  and  were  sacrificed  on 
tlie  day  after  the  last  injection.  Gains  in  body  weight,  as  well  as  terminal 
weights  of  the  seminal  vesicles,  ventral  prostate  glands  and  levator  ani 
muscles,  were  examined  and  compared  with  the.se  parameters  in  controls 
autop.sied  at  the  same  time. 

Results.  Lipid  Effects.  The  plasma  chole.sterol-phospholipid  ratio  in¬ 
creased  from  approximately  0.0  to  1.8  in  untreated  cholesterol-fed  control 
l)irds  (Fig.  1).  This  increase  resulted  from  a  rise  in  plasma  cholesterol  with 
little  or  no  change  in  the  phospholipid  level.  In  birds  treated  with  SC-6.582 
or  estrone,  the  plasma  cholesterol  and  phospholipid  were  increa.sed  above 
controls;  however,  the  effect  on  phospholipids  was  much  greater  than  on 
chole.sterol,  resulting  in  a  decrea.sed  C  P  ratio  (Table  1).  The  decreases  in 
(’  P  ratio  were  linearly  related  to  log-dose  for  both  SC-6.582  and  e.strone 
(Fig.  1).  Since  the  .slopes  of  the  do.se-response  curves  were  significantly  dif- 
ierent,  no  single  relative  potency  value  could  be  assigned.  Compared  to  an 
arbitrary  low  dose  of  estrone  (1.0  mg.  kg.),  SC-6.582  had  a  relative  potency 
of  40%  and  at  a  high  do.se  of  estrone  (.5.0  mg.  kg.)  SC-6.582  had  11%  the 
notency  of  e.strone. 

Both  SC-6582  and  e.strone  were  similar  in  their  effects  on  body  weight 
)ut  were  strikingly  dissimilar  in  their  effects  on  comb  growth  (Table  1). 
8C-6,582  significantly  stimulated  wdiereas  e.strone  inhibited  comb  growth. 
The  fact  that  this  comb  growth  stimulation  with  simultaneous  depre.s.sion 
tf  the  C  P  ratio  was  evident  during  continuous  administration  of  SC-6.582 
or  a  longer  period  of  time  is  illustrated  in  Figure  2. 

Estrogenic  Activity.  Since  the  slopes  of  the  do.se-response  curves  for  SC- 
<1.582  and  estrone  were  significantly  different,  no  single  relative  potency 
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DOSE  IN  MG./KG, 


Fjg.  1.  Effect  of  SC'-65S2  and  estrone  on  reduction  of  the  plasma  cholesterol-plios- 
pholipid  ratio  in  cholesterol-fed  cockerels.  C'losed  circles  =  estrone;  open  circles  = 
SC-()5H2.  Each  point  represents  the  mean  of  li  to  28  animals.  Regression  lines  fitted  to 
points  not  in  parentheses  by  method  of  least  squares.  Lower  and  upper  shaded  areas 
indicate  mean  and  9.5%  confidence  limits  for  concurrent  controls  before  and  after  treat¬ 
ment  respectively. 


value  could  he  assigned  (Fig.  3).  An  arbitrary  low  dose  of  estrone  in  this 
test  was  0.1  /xg.  which  was  equivalent  to  11.0  ng.  of  SC-6.582,  indicating 
that  the  compound  had  approximately  0.9%  the  activity  of  estrone.  At  the 
highest  do.se  level  employed,  SC-6.582  was  about  0.1%  as  estrogenic  :is 
estrone. 

SC-6582  was  also  tested  for  estrogenic  activity  in  a  vaginal  smear  a.ssny 
in  rats.  Using  a  modification  of  Horn’s  (8)  method,  the  EDso  of  SC-65S2 


Tabi.k  1.  Ekfkcts  ok  .S('-6582  and  kstroxk  o\  ci.asma  i.icius,  body  wki<;ht 
a.nd  comb  <;rowth  i.\  ciioi.esterol-kkd  cockerels 


Treatment 

Plasma  lipids 

Body 

Comb  grow : 

.  Do«e, 

i  onipouna 

chicks 

Cholesterol, 

111(5.% 

Phospholipid.' 
mit.%  1 

C  P 

Rain. 

KHi. 

length  -fheip 
mm. 

Fooled  Controls  ! 

62 

445  ± 14* 

246  ±5.4  ! 

1.831  .05 

481  3 

4-4.71  . 

SC-6582  1  1 . 

8 

553  ±25 

2721  11 

2.041  .07 

501 10 

47.4  + 

2. 

12 

651  ±  43 

379+  20 

1.711  .06 

411  5 

45.41  . 

5. 

12 

736  ±  60 

4981  53 

1.521  .09 

611  6 

45.8  + 

10. 

20 

890  ±  40 

6841  .38 

1.331  .05 

691  7 

-i-6.5± 

20. 

11 

975151 

1005  1  47 

.981  .06 

,  681  5 

49.01 

40. 

6 

1277  ±92 

15401178  1 

.861  .09 

63 1 12 

416.01 1 

Estrone  .  25 

16 

592154 

.331 1  42  i 

1.92  .13 

.551  5 

41.71 

.6 

12 

551131 

3121  21  i 

1.821  .11 

431  6 

.01  .- 

1  , 

16 

582  1  27 

345 1  20  1 

1.72+  .06 

481  5 

-2.51  . 

1  2. 

28 

826  1  45 

6981  .36 

1.271  .06 

701  5 

-3.71 

1  4. 

19 

973 1 57 

954 1  61  ! 

1.031  .04 

711  5 

-3.01 

5. 

16 

1315164 

17.35 1  79 

.771  .03 

1181  6 

-3.41 

8. 

16 

1165156 

2077  +  84  1 

.571  .02 

771  7 

-2.51  . 

1  16. 

12 

1270  1  84 

21131139 

.621  .04 

82114 

-.3.01  .. 

I 


*  Mean  +  S.K. 
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Fig.  2.  Effci-t  of  SC-()582  and  ('stroiio 
m  comb  growth  and  reduction  of  tlic 
plasma  cholcstcrol-jihospliolipid  ratio  in 
cholesterol-fed  cockerels.  Closed  circles  = 
‘strone  5  nif:;.  k}'.;  half-filled  circles  = 
estrone  2  mfi;.  k^. ;  open  circles  =  SC-65S2 
10  mg.  kff.;  heavy  solid  line  =  controls, 
llach  group  contained  8  birds  and  doses 
were  given  dailv  subcutaneously  in  oil. 

was  estimated  as  ItiOO  /xg.,  while 
tliat  for  estrone  was  2.38  ng.  Tims, 
SC-()o82  had  about  0.2%  the  activ¬ 
ity  of  estrone  in  this  test. 

Oral  Activity.  Studies  for  estro¬ 
genic  activity  in  the  mouse  showed 
that  SC-()o82  was  active  following 
intragastric  administration.  The 
slope  of  the  dose-response  curve  was 
parallel  to  that  obtained  following 
subcutaneous  admini.stration  (Fig. 
3).  The  oral-parenteral  ratio  was 
about  0.4. 


CHANGE  IN 
COMB  INDEX 
(L.H) 


mm. 


DAYS  ON  TEST 


Androgenic  and  Myotrophic  Activities.  SC-()582  possessed  androgenic 


activity  as  shown  by  the  response  of  the  seminal  ve.sicles  and  ventral  pros¬ 


tate  and  myotrophic  activity  as  shown  by  the  levator  ani  respon.se  (Table 


UTERINE 

WEIGHT 

M6M. 


DOSE  IN  MICR06M. 


Fig.  3.  Effect  of  Sr-6o82  and  estrone  on  uterine  weight  in  immature  female  mice, 
('loscd  circles  =  estrone;  opmi  circles  =  SC-6582  administered  subcutaneously;  half- 
filled  circles  and  broken  line  =  SC-6582  administered  intragastrically.  Each  point  rep¬ 
resents  the  mean  of  8  to  10  animals.  Regression  lines  fitted  by  method  of  least  sipiares. 
Shaded  area  indicates  control  mean  and  05%  confidence  limits. 
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Table  2.  Effects  of  SC'-ti582  and  testosterone  propionate  on  body  weight, 
SEMINAL  vesicles,  VENTRAL  PROSTATE  AND  LEVATOR  ANI  IN  RATS, 

3  WEEKS  POST-CASTRATION 


Treatment 

Body  weight 
gain, 
gin. 

Seminal 

vesieles, 

mg. 

Ventral 

prostate, 

mg. 

Levator 

ani, 

mg. 

('oinpouml 

Total 

dose, 

mg. 

C'ontrols  1 

— 

37.0  +  1.3* 

7 .5  ±  .4 

0.8±  .8 

t)()..5±2.1 

.SC-t}582 

1  . 

23.1  ±2.2 

11. 0±  .4 

10.4+  .0 

07.3+4.1 

2. 

lti.4±2.1 

17.4±1.4 

15.1±1.1 

88. 0  +  5. .5 

o . 

0.7  ±2.2 

20. 3  ±1.0 

21 .0±  1 .8 

100.4±4.1 

Testo.sterone 

.0.5 

34.1  ±1  .8 

11. 2±  .8 

15.0±1.1 

01  .2±5.3 

propionate 

.2 

33.4  ± 1  .3 

43.0±3.4 

‘  47.2±3.2 

87.3±4.3 

*  Mean  ±S.IC.,  groups  of  8  rats  were  uscil  at  each  dose  level. 


2).  The  eompouiul  was  about  one-twentieth  as  androgenic  as  testosterone 
propionate  at  low  dose  levels  hut  the  do.se-response  curve  had  a  lower  slope. 
The  myotrophic  effect  was  about  one-tenth  that  of  testosterone  propion¬ 
ate.  It  was  noteworthy  that  SC-(j582  showed  the  myotrophic  response  de¬ 
spite  a  simultaneous  cataliolic  effect  on  body  weight,  which  is  a  typical 
estrogenic  property. 

Discussion.  These  data  suggested  that  the  lipid-shifting  and  estrogenic 
properties  of  a  molecule  may  be  separable.  17a-Methyl-17-hydroxy-o(l())- 
estren-3-one  (Sr-()o82)  possessed  approximately  11  to  40%  of  the  activity 
of  estrone  in  depressing  the  cholesterol-phospholipid  ratio  in  cholesterol- 
fed  cockerels,  whereas  it  had  only  0.1  to  0.9%  the  activity  of  estrone  when 
tested  on  uterine  growth  of  mice,  and  only  about  0.2%  when  evaluated 
with  rat  vaginal  smears.  In  addition  to  lipid-shifting  and  estrogenic  ac¬ 
tivities,  SC-6o82  was  a  weak  androgenic  and  myotrophic  agent ;  potentially 
it  may  be  hoped  that  this  androgenic-myotrophic  activity  would  off.set  the 
feminizing  properties.  The  simultaneous  depre.ssion  of  C  P  ratio  and  stim¬ 
ulation  of  comb  growth  certainly  supported  the  hypothesis  of  separability 
and  may  indicate  an  inhibition  of  feminization.  Stamler,  et  al.  (9)  have 
reported  that  the  combined  administration  of  estrogen  and  androgen  will 
prevent  e.strogen-induced  feminization  without  interfering  with  the  estro¬ 
gen-induced  prophylactic  inhibition  of  cholesterol-induced  chick  corofiary 
atherogenesis.  This  inhibition  was  a.s.sociated  with  a  depression  of  the  C  P 
ratio  except  when  the  androgen  dosage  exceeded  a  certain  level.  Prelim¬ 
inary  .studies  with  combinations  of  estrogen  and  androgen  in  man  .sug¬ 
gested  that  androgens  may  inhibit  the  estrogenic  effects  on  blood  lipids 
often  without  reversing  feminization  (1).  In  contrast,  androgens  appear  to 
have  little  effect  on  blood  lipids  of  cockerels.  Thus  it  would  be  difficult  to 
predict  the  clinical  activity  of  SC-6.582  which  incorporates  lipid-shifting, 
estrogenic  and  androgenic  activities  in  a  .single  molecule.  .\lt hough  the 


fune,inoS  LllMD-SHirTlXd  PROPKRTI KS  OF  (SC-(ir)S2)  S03 


•A!ulrogenieity  of  the  compoinul  may  inhibit  feminizing  effects  in  human 
'Ubjects,  sucli  activity  may  also  be  sufficient  to  block  estrogenic  etTects  on 
blood  lipids. 
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INFUSION  OF  ALDOSTERONE,  9-a-FLUOROHYDRO(X)RTI- 
SONE  AND  ANTIDIURETK^  HORMONE  INTO  THE  RENAL 
ARTERY  OF  NORMAL  AND  ADRENALECTOMIZED. 
UNANESTHETIZED  DOGS:  EFFECT  ON  ELEC’- 
TROLYTE  AND  WATER  EXC^RETION^ 

A.  C.  BARCJER,  R.  I).  BERLIN^  and  .1.  F.  TULENKO* 

From  the  I)ef)arltnent  of  Physiologij,  Harvard  Medical  School,  Boston,  M assach  usetts 

AliSTRACT 

'rii('  development  of  a  teelini(jue  for  ehronie  eatheterization  of  one  renal 
artery,  with  a  collection  of  urine  from  each  kidney  individually,  has  afforded 
the  opportunity  of  studying  the  effects  on  water  and  electrolyte  excretion 
produced  by  aldosterone,  9-a-fluorohydroeortisom‘  and  ADH  infused  directly 
in  the  renal  artery  of  normal  and  aflrenalectomized  dogs.  In  the  normal  dog 
intrarenal  aldosterone  or  9-at-fluorohydroeortison(‘  produced  a  unilateral 
kalur(‘sis  but  no  demonstrable  natriun*sis,  or  effect  on  water  excretion.  In  the 
saint'  cath(‘t(*rized  dogs,  following  recovery  from  adri'iialectomy,  small  doses 
of  aldosterone  infused  into  the  renal  artery  produced  a  unilateral  anti-natri- 
urt'sis.  The  unilateral  kaluresis  was  of  the  same  magnitude  as  that  observed  in 
the  normal  state.  In  both  the  normal  and  adrenalectomized  animal  the  effect 
of  intrarenal  ahlosterone  on  potassium  excretion  was  ajiparent  only  after  a  de¬ 
lay  of  30  to  00  minutes,  and  a  maximum  effect  was  noted  after  two  to  three 
hours.  'I’he  jin'sent  investigation  also  clearly  indicates  the  local  renal  action  of 
ADH  on  water  excretion  and  the  rapidity  of  its  action.  No  natriuresis  was  ob- 
•servi'd  with  ADH  in  these  normal  dogs  on  a  water  diuresis. 

The  niineralocorticoids  have  long  been  known  to  play  an  important 
role  in  the  maintenance  of  extracellular  sodium,  hut  their  site  of  ac¬ 
tion  is  still  controversial.  Loeh  cl  al.  (1)  contended  that  the  adrenal  steroids 
controlled  extracellular  sodium  by  regulating  the  renal  excretion  of  sodium, 
a  concept  long  challenged  by  Swingle  (2),  and  more  recently  by  Overman 
(3)  and  Wilson  (4).  Similar  differences  of  opinion  exist  coticerning  the 
mechanism  of  the  elevation  of  serum  potassium  following  adrenalectomy. 
Furthermore,  although  aldosterone  has  been  shown  to  be  a  potent  salt- 
retaining  hormone,  a  direct  demonstration  of  the  renal  tubular  effect  of 
the  hormone  has  not  been  reported.  Nor  hav’e  such  experiments  been  de. 
•scribed  for  the  direct  renal  effect  of  the  antidiuretic  hormone  of  the  pitui¬ 
tary  gland.  The  recent  development  of  a  techniejue  for  chronic  catheteriza- 
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ion  of  one  renal  artery,  witli  collection  of  urine  from  each  kidney  indi¬ 
vidually  (o),  has  afforded  the  opportunity  of  studying  the  direct  renal 
‘ffects  of  aldosterone,  9-a-fluorohydrocortisone,  and  antidiuretic  hormone 
)!!  sodium,  potassium  and  water  excretion  in  the  normal  and  adrenalec- 
omized,  unanesthetized  dog. 


METHODS 

Four  trained,  female,  moiiKivI  dons  weinliinn  17-22  kn.  wen*  kept  on  a  constant  diet 
tlironghout  these  studies.  Operative  j)roeedures  were  performed  asei)tieally  under  so¬ 
dium  i)entol)arhital  anesthesia.  'J'he  left  renal  artery  was  eath(‘teriz('d  aeeordinn  to  a 
teehnitpie  i)reviously  deserihed  (o).  The  polyvinyl  eathetc'r  was  flushed  each  day  with 
•oneentrated  heparin  solution  (10,000  units  i)er  ml.)  and  closed  with  a  stainless  steel 
obturator.  The  urinary  bladder  was  hemis(*eted  sagittally  between  the  ureteral  orifiei's 
and  two  bladder  pouches  eonstruet»‘d.  rrine  from  each  kidnej-  was  then  eolleet('d  from 
lueite  funnels  implanted  in  the  bladder  pouches.  After  .studies  were  eomi)leted  in  the 
normal  dons,  bilateral  adnmaleetomy  was  performed  transabdominally  in  two  of  the 
eatheterized  dons.  These  adrenal(*etomiz('d  animals  were  maintained  on  25  mn-  per  day 
of  cortisone  acetate  by  mouth,  and  in  addition,  desoxyeortieosterone  (1  mn.  |)er  day 
i.m.)  as  needed  to  maintain  normal  serum  sodium  and  potassium  levels.  'I’he  last  intra¬ 
muscular  inj(‘etion  of  desoxyeorti<‘ost(‘rone  was  niven  four  days  b(‘fore  each  experiment 
and  the  last  cortisone  was  administered  three*  days  before  each  experiment. 

Saline  Diuresis.  The  tlons  were  fasted  for  20  hours  j)rior  to  each  experiment  but  al¬ 
lowed  water  ad  libitum.  The  unanesthetized  animals  were  then  jelaceal  in  a  Pavlov  stand 
and  niven  .500  ml.  of  isotonie  saline  (sodium  eoneentration  approximately  145  meej.  per 
liter)  intravenously  over  a  20-minute  i)('riod.  .\  constant  intravenous  infusion  of  the 
same  solution  was  then  continued  at  tin?  rate  of  4  ml.  per  minute  for  the  duration  of  the 
entire  expc'riment.  When  the  urinary  excretion  of  sodium,  i)otassium  and  water  reached 
a  relatively  constant  h'vel,  control  periods  were  started.  .Vfter  two  or  more  20-30-minute 
control  periods  the  renal  artery  infusion  was  started  and  continued  for  100-120  minutes 
at  the  rate  of  0.25  ml.  per  minute.  The  intravenous  infusion  was  continued  during  the 
intrarenal  artery  injection  and  for  one  or  more  periods  after  the  end  of  the  intrarenal 
artery  infusion.  The  steroids  were  dis.solved  in  ab.solute  ethyl  alcohol  and  then  dilntc'd 
with  5%  dextrose  in  water.  Similar  amounts  of  alcohol  and  dextrose  solutions  used  in 
control  experiments  had  no  effect  on  sodium,  potassium  or  water  exeri'tion.  When  renal 
clearances  were  performed  creatinine  and  sodium  p-aminohii)purate  were  added  to  the 
priming  solutions  and  to  the  constant  intravenous  infusion. 

Water  Diuresis.  The  dogs  were  fast(‘d  for  20  hours  and  allowed  water  ad  libitum. 
The  animals  were  given  water  by  stomach  tube  until  a  brisk  wat(‘r  diuresis  was  started. 
They  were  then  placed  in  a  Pavlov  stand  and  the  diuresis  maintained  bj’  hourly  loading 
with  2.50  ml.  of  water.  When  the  water  excretion  was  relatively  steady  antidiurc'tic  hor¬ 
mone  (pitressin-vasopressin  injection)  diluted  in  5%  dextrose  and  water  was  infus(“d 
into  tin*  renal  artery  at  the  rate  of  0.25  ml.  per  minute. 

.inalyses.  Sodium  and  potassium  determinations  in  serum  and  urine  were  made  with 
a  flame  photometer  using  an  internal  standard.  C'reatinine  and  p-aminohippurat(‘  were 
determined  by  standard  procedures. 

OBSERVATION'S 

A.  Intrarenal  infusion  of  aldosterone  and  9-a-fluorohydrocortisone  in  nor¬ 
mal  dogs.  The  difficulty  of  demon.strating  the  antinatriuretic  effect  of  the 
mineralocorticoid.s  in  acute  experiments  in  the  normal  dog  i.s  well  known. 
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Kig.  1.  A  rcprcsciitativt'  example  showiiifi  th(‘  effect  of  left  iiitranaial  artc'rv  infusion 
(LHA)  of  9-a!-fluoroliy(lroeortisone  (4  jUfj;.)  on  sodium  and  potassium  excretion  in  the 
normal  unanrsthetized  do<;. 


Moreo\er,  as  indicated  in  Figures  1  and  2  tlie  same  prolilem  is  encountered 
even  witli  direct  intrarenal  artery  infusion  of  D-a-fluorohydrocortisone  and 
aldosterone  in  doses  which  produce  a  profound  antinatriuresis  in  the 
adrenalectomized  dog  (Fig.  4).  With  the  normal  animal  maiiitained  on  a 
constant  intravenous  infusion  of  isotonic  saline  and  excreting  100  lot)  juecp 
of  sodium  a  minute  from  each  kidney  the  intrarenal  infusion  of  4  mS- 
0-a-fluorohydrocortisone  over  a  2-hour  period  produced  no  effect  on  so¬ 
dium  excretion  on  the  infused  side  (Fig.  1).  However,  a  unilateral  kaluresis 
was  observed  on  the  infused  side,  with  pota.ssium  excretion  on  the  left  in¬ 
creasing  iji  stepwise  fashion  above  that  on  the  right,  which  remained  rela¬ 
tively  constant.  The  intrarenal  infusion  of  10  jug.  of  aldosterone  similarly 
had  no  effect  on  the  rate  of  sodium  excretion  but  did  have  a  definite  effect 
on  pota.ssium  excretion  (Fig.  2A).  In  this  latter  experiment  .sufficient  al¬ 
dosterone  spilled  over  into  the  sy.stemic  circulation  to  produce  a  kaluresis 
on  the  right  side  as  well,  which  was  less  than  that  ob.served  on  the  infused 
or  left  side  in  any  given  period.  It  is  of  interest  that  the  pota.ssium  excre¬ 
tion  from  the  right  kidney  in  the  period  150-180  minute.s,  for  example,  was 
equal  to  the  excretion  from  the  left  kidney  during  period  120-150  minutes, 
and,  in  general,  the  excretion  on  the  right  side  was  similar  to  that  on  the 
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anesthetized  doff. 
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Fig.  21).  ('reatinine  and  p-aminohii)i)urate  elearanees  in  the  same 
experiment  illustrated  in  2a. 
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left  side  in  the  previous  period.  The  kaluretic  effect  was  observed  in  each 
experiment  with  O-a-fluorohydrocortisone  or  aldosterone  infused  intra- 
renally  in  the  normal  dogs.  There  was  no  .‘•'ignificant  effect  of  either  of  these 
steroids  on  sodium  excretion,  water  excretion,  or  on  creatinine  or  para- 
aminohippurate  clearances  (Fig.  2B). 

B.  Intrarenal  infusion  of  aldosterone  and  9-a-fluorohydroeortisone  in 
adrenalectomized  dogs.  Since  we  were  unable  to  demonstrate  the  antinatri¬ 
uretic  effect  of  aldosterone  or  of  9-a-fluorohydrocortisone  by  intrarenal 
infusion  iti  the  normal  dog,  two  dogs  that  had  been  used  in  the  normal 
state  studies  were  adrenalectomized.  Desoxy corticosterone  and  cortisone 
therapy  were  withdrawn  four  anti  three  days  respectively  prior  to  the  ex¬ 
periment.  Figure  3A  illustrates  results  obtained  by  the  infusion  of  0.45  mS- 
of  aldosterone  into  the  left  renal  artery  of  the  adrenalectomized  animal. 
Prior  to  the  intrarenal  infusion  of  aldosterone  the  sodium  excretion  on  the 
left  side  was  uniformly  higher  than  that  on  the  right,  aiid  this  was  co!)- 
sistently  the  ca.se  in  control  studies  in  this  dog.  During  the  intrarenal  infu¬ 
sion  the  relationship  between  the  excretion  of  sodium  on  the  left  and  on  the 
right  was  reversed  with  the  left  falling  below  that  on  the  right.  This  altered 
relationship  persisted  for  at  least  2  hours  after  the  end  of  the  infusion,  but 
in  the  overnight  specimen  the  .sodium  excretion  on  the  left  was  again 
higher  than  that  on  the  right.  The  unilateral  kaluretic  effect  was  also  pres¬ 
ent  and  quantitatively  similar  to  that  observed  in  the  same  dog  before 
adrenalectomy.  In  order  to  compare  quantitatively  the  magnitude  of  the 
effect  of  aldosterone  on  .sodium  and  pota.ssium  excretion  from  the  infu.sed 
kidney,  the  differences  between  the  left  and  right  kidney  in  sodium  and 
potas.sium  excretions  are  plotted  on  the  same  scale  in  Figure  3B.  The 
cumulative  decrease  in  sodium  excretion  on  the  left  side  in  this  and  other 
experiments  was  2  to  3  times  as  large  as  the  cumulative  increase  in  potas¬ 
sium  excretion.  With  an  intrarenal  infusion  of  1  /ug.  of  aldosterone  over  one 
hour  there  was  evidence  of  slight  spillover  into  the  .sy.stemic  circulation. 
However,  at  the  peak  of  action  of  the  .steroid  the  sodium  excretion  on  the 
infu.sed  .side  had  fallen  42  .ueq.  per  minute  behind  that  on  the  right  (average 
of  control  periods — left  renal  excretion  of  sodium  exceeded  that  on  the 
right  by  18  fieq.)  while  the  pota.ssium  excretion  on  the  left  exceeded  that 
on  the  right  by  27  /ueq.  per  minute  (average  of  control  periods — left  and 
right  equal). 

The  latency  of  action  of  the  mineralocorticoids  is  more  clearly  .seen  in 
the  on.set  of  increase  of  potassium  excretion  (Figs.  lA  and  3),  since  its 
random  variation  is  less  than  that  of  the  sodium  excretion.  A  definite  in¬ 
crease  in  potassium  excretion  is  not  ob.served  for  approximately  60  minutes 
from  the  start  of  the  steroid  infusion  in  both  normal  and  adrenalectomized 
animals  with  low  rates  of  infu.sion.  The  maximum  fall  in  sodium  excretion 
and  the  maximum  rise  in  potassium  excretion  occurre<l  between  2  and  3 
hours  from  the  beginning  of  the  infusion. 
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Fig.  3a.  Effect  of  left  iiitrarenal  artery  infusion  of  aldosterone  (0.45  ng.)  on 
sodium  and  potassium  excretion  in  the  adrenalectomized  animal. 


I’igin'e  4A  illustrates  another  experiment  in  the  adrenaleetoniizecl  dog  in 
vhich  the  do.sage  of  aldosterone  was  increased  from  0.4")  jug.  (Fig.  3A)  to 
10  jug.  infused  over  the  same  period  of  time,  that  is,  increasing  the  rate  of 
infusion  from  0.0045  jug.  per  minute  to  0.8  jug.  per  minute.  The  onset  of 
the  kaluresis  is  delayed  for  approximately  30  minutes  with  this  larger  do.se 
suggesting  that  the  latency  may  he  altered  by  the  size  of  the  dose.  The  mag¬ 
nitude  of  the  oh.served  kaluresis  was  approximately  the  same  as  that  ob¬ 
served  prior  to  adrenalectomy  with  the  same  dosage  (compare  Fig.  2 A  and 
Fig.  4A).  There  is  .seen  )iow,  however,  a  profound  antinatriuresis,  .slightly 
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Fig.  31).  Differences  between  the  left  and  right  kidney  in  .sodium  and  potassium 
excntio.i  produced  by  unilateral  infusion  of  aldosterone.  Data  from  Fig.  3a. 
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more  pronounced  on  the  infused  or  left  side.  This  is  in  marked  contrast  to 
the  ohserv’ations  made  in  the  same  dog  with  intact  adrenals  and  the  same 
dosage  of  aldosterone  and  with  approximately  the  same  control  sodium 
excretion  rates.  Figure  4B  indicates  that  the  changes  in  sodium  excretion 
were  unaccompanied  by  alterations  in  creatinine  and  para-aminohippurate 
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and  potassium  excretion  in  adrenaleetomiz(‘d  dog. 


clearances.  The  effects  of  administration  of  the  same  amount  (10  jug.)  of 
aldosterone  intravenously  may  be  observed  in  Figure  o.  Excretion  patterns 
on  both  right  and  left  .sides  were  almost  identical  indicating  that  the  cathe- 
terized  kidney  responded  in  exactly  the  same  fashion  as  the  control  kidney 
to  an  intravenous  infusion  of  aldosterone. 

C.  Intrarenal  infusion  of  antidiuretic  hormone.  The  effects  of  intrarenal 
infusion  of  antidiuretic  hormone  on  sodium  and  water  excretion  were 
studied  in  four  normal  dogs.  Figure  6  is  a  representative  example  of  the  re- 
.sults  obtained  in  7  experiments.  The  infu.sion  of  0.8  milliunits  of  anti- 
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diuretic  hormone  into  the  left  renal  artery  over  a  4-miniite  period  produced 
a  fall  in  urine  flow  from  the  infused  kidney  from  the  control  rate  of  1.5  ml. 
per  minute  to  O.fl  ml.  (a  40%  fall)  with  no  change  in  urine  flow  from  the 
right  or  control  kidiiey.  The  infusion  of  1.0  millimmits  of  ADH  into  the 
left  renal  artery  over  an  8-minute  period  (that  is,  at  the  same  rate  as  in  the 
first  infusion)  produced  a  fall  in  urine  flow  from  1.5  ml.  per  minute  to  0.55 
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Eig.  41).  Creatinine  and  /)-aininohii)i)urate  elearanees  in  tlie  expini- 
ment  illustrated  in  Ei^.  4a. 


ml.  per  minute  (a  00%  fall)  on  the  injected  side.  A  small  antidiuresis,  last¬ 
ing  about  30  minutes,  was  noted  in  the  control  kidney  after  the  second  in- 
fu.sion,  .suggesting  that  sufficient  hormone  spilled  over  into  the  systemic 
circulation  to  produce  a  slight  effect  on  the  opposite  kidney.  In  each  infu- 
.sion  of  antidiuretic  hormone  into  the  renal  artery  the  decrease  in  water 
excretion  was  apparent  in  the  first  10-minute  collection  period,  that  is,  in 
the  same  period  during  which  the  hormone  was  given.  The  infusion  of  4 
milliunits  of  ADH  intravenously  in  the  same  animal  produced  a  00%  fall 
in  total  urine  flow  with  ecpial  effects  on  the  two  kidneys.  From  other  ex¬ 
periments  with  intrarenal  infusion  of  ADH  it  appears  that  the  minimum 
dose  which  produced  a  detectable  antidiuresis  in  one  kidney  was  approxi¬ 
mately  0.2  milliunits  (Table  1).  In  the  experiment  illustrated  (Fig.  0)  no 
significant  change  in  sodium  excretion  was  observed.  Over  the  range  of 
antidiuretic  hormone  infusions  employed  (0.2  to  1.6  milliunits)  a  unilateral 
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Table  1.  ADH  ixfi  siox  into  the  left  rexal  artery 


Dog  No. 

Dose 

Change  in  urine  flow 
of  left  kidney 
(ml.  /min.) 

% 

decrease 

1 

0.2  me. 

1  .8  -*1  .4 

22 

1 

0.3 

2.0  —1  .5 

25 

1 

0.8 

2.0  .2 

40 

2 

0.8 

1.75  — »0 . 7  5 

57 

3 

0.8 

2.75  —  1  .05 

30 

4 

0.8 

1  .5  —0.0 

40 

4 

I  .0 

1  .55—0.55 

00 

rise  of  sodium  excretion  was  observed  o!dy  once  i»i  7  experiments  in  4  dogs 
on  water  diuresis. 


DISCUSSION' 

Tliese  studies  were  undertaken  to  determine  the  renal  etfect  of  aldoster¬ 
one,  R-a-fluoroliydrocortisone  and  antidiuretic  hormone  infused  directly 
into  the  renal  artery  of  the  unanesthetized  dog.  The  present  investigation 
indicates  that  in  the  normal  animal  on  an  isotonic  saline  diuresis,  and  ex- 
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Fig.  5.  Effect  of  intravenous  infusion  of  ’0  /ag.  of  aldosterone  on  sodium  and 
|)otassium  excretion  in  the  same  dog  illustrated  in  Fig.  4. 
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Fi(i.  <).  A  representative  (*.\ami)le  sliowiiiK  tlie  effeet  of  left  iiitrareiial  arteiT  infusion 
(ERA)  of  antidiuretie  hormone  on  urine  flow  and  sodium  exeretion  in  the*  normal  un- 
anestlietized  do^.  The  (‘ffeet  is  eompared  with  that  observed  with  an  intravenous  dose  of 
antidiuretie  hormone  in  the  same  animal. 

cretitig  l()()-2()()  fieq.  per  mi’iute  of  sodium  from  eaeli  kid'iey,  the  iutra- 
renal  iufiisiou  of  the  two  mineraloeortieoids  over  a  wide  dosage  range  did 
not  prodiiee  a  deteetal)le  decrease  in  .sodium  exeretioti  from  the  injected 
kidney.  In  contrast,  hotli  steroids,  at  all  rates  of  i?ifusion  employed,  pro¬ 
duced  a  marked  kaluresis.  This  kaluresis  was  limited  to  the  infu.sed  side 
when  the  hormones  were  injected  at  a  slow  rate  (Fig.  1),  thus  indicating  a 
direct  renal  effect  of  the  steroids  on  potassium  excretion,  hut  no  detectable 
effect  on  sodium  excretion  in  the  ?iormal  animal.  Our  data  do  not  dis¬ 
tinguish  whether  the  kaluresis  is  a  re.sult  of  increased  .secretion  of  pota.ssium 
or  decreased  ah.sorption  of  pota.ssium.  Renal  clearances  of  creatinine  and 
paraminohippurate  were  unchanged. 

In  both  of  the  catheterized  dogs,  after  adrenalectomy,  a  direct  or  uni¬ 
lateral  renal  antinatriuretic  effect  of  the  .steroids  as  well  as  a  kaluretic 
effect  could  be  demonstrated  when  the  animals  had  been  untreated  for 
several  days  prior  to  the  experiment.  In  the.se  experiments  in  adrenalec- 
tomized  animals  the  control  rates  of  .sodium  and  potassium  excretion  were 
nearly  identical  with  tho.se  ob.served  in  the  experiments  on  the  normal  ani¬ 
mal  (100-200  neq.  of  sodium  per  minute  per  kidney  and  10-15  jneq.  of  po¬ 
tassium  per  minute  per  kidney).  Quantitativ'ely,  the  effects  on  potassium 
excretion  were  similar  in  the  normal  and  adrenalectomized  dog.  Thus,  the 
steroids  produce  an  effect  on  pota.ssium  excretion  which  is  .similar  in  both 
the  normal  and  adrenalectomized  animal,  and  jet  produce  no  effect  on 
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sodium  excretion  in  tlie  normal  state.  Studies  are  now  being  made  to  de¬ 
termine  whether  or  not  there  is  a  direct  renal  antagonism  between  al¬ 
dosterone  and  other  hormones  secreted  from  the  adrenal  cortex.  Neverthe¬ 
less,  when  an  effect  of  the  steroids  on  sodium  excretion  was  observed,  i.e., 
in  the  adrenalectomized  state,  the  magnitude  of  the  antinatriuresis  was 
two  to  three  times  greater  than  the  kaluresis,  emphasizing  the  differing  re- 
spon.se  of  the  normal  and  adrenalectomized  animal.  Apparently,  only  with 
some  deviation  from  the  normal  state  is  the  unilateral  or  renal  effect  on 
.sodium  excretion  ob.served.  This  decrease  in  sodium  excretion  occurred 
without  change  in  glomerular  filtration  rate,  demonstrating  the  increa.sed 
tubular  reabsorption  of  sodium  produced  by  the  steroids  in  the  adrenalec¬ 
tomized  animal.  However,  the  magnitude  of  the  unilateral  change  ol)- 
.served  with  0.4.5  to  1.0  /xg.  of  aldosterone  infused  into  the  left  renal  artery 
compared  with  that  observed  with  the  intravenous  infusio?)  of  10  /xg.  of 
the  hormone  still  does  not  enable  us  to  answer  the  question  whether  the 
total  decrea.se  in  sodium  excretion  .seen  with  a  larger  do.se  giveti  intrave¬ 
nously  can  be  explained  entirely  on  the  direct  renal  effect  of  the  hormone. 
Furthermore,  the  fall  in  .sodium  excretion  from  each  kidney  produced  by 
the  intravenous  infusion  of  10  /xg.  of  aldosterone  does  not  differ  substan¬ 
tially  from  the  fall  observed  with  the  iTitrarenal  infusion  of  the  same 
amount  of  aldostero'ie. 

The  separatio!!  of  the  actioti  of  aldosterotie  on  sodium  and  pota.ssium  ex¬ 
cretion  in  the  normal  dog,  and  the  two  to  threefold  greater  effect  on  sodium 
excretion  as  compared  to  potassium  excretion  in  the  adrenalectomized  dog, 
do  not  support  the  hypothesis  of  a  simple  cation  exchange  of  sodium  and 
pota.s.sium  in  the  distal  tubule,  but  rather  to  an  independence  of  move¬ 
ment.  Similar  independence  of  movemetit  of  sodium  and  potassium  has 
been  observed  in  kidney  slices  ((>)  and  in  yeast  and  mitochondria  (7). 
Foulkes  et  al.  (8)  have  recently  shown  in  vivo  the  selective  action  of  pro¬ 
tamine  on  pota.s.sium  transport  in  the  kidney  without  effect  on  sodium 
transport.  These  observations  on  the  direct  renal  effect  of  the  .steroids  on 
potassium  and  the  lack  of  effect  on  sodium  in  the  normal  animal  may  ex¬ 
plain  the  kalure.sis  seen  in  primary  hyperaldosteronism,  and  the  ab.sence 
of  edema  formation. 

A  direct  and  rapid  imilateral  renal  effect  of  the  antidiuretic  hormoiie  on 
water  excretion  was  clearly  seen  in  the  normal  dog.  However,  an  effect  on 
sodium  excretion  was  demon.strated  oidy  once  in  the  .seven  experiments  in 
four  dogs  on  water  diuresis.  Whether  a  change  in  sodium  excretion  might 
be  produced  by  the  intrarenal  infusion  of  antidiuretic  hormone  under 
other  experimental  conditions  (e.g.  isotonic  saline  diure.sis)  is  yet  to  be  de¬ 
termined. 
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METABOLISM  OF  (X)RTISOL-4-('‘^  IN  THE  DOG 

HEART-LUNG  PREPARATION' ^ 

RANDALL  H.  TRAVIS*  and  GEORGE  SAYERS 

Department  of  Physiologi/,  Western  Reserve  Vniversity  School  of  Medicine,  Clevelaiid,  Ohio 

AliSTRAC'T 

The*  metabolism  of  cortisoM-t''^  lias  been  studied  at  physiolof^ie  eoiieeiitra- 
tions  in  two  dog  heart-luiiK  jireparations.  'I'lie  first  iirejiaration  survived  for  100 
min.  and  the  s(>eond  for  75  min.  .\n  average  of  0S%  of  the  radioaetivity  added 
was  recovennl  from  the  heart-lungs.  .\n  average*  recovery  of  79%  was  obtained 
from  blood  spe'einn'us  to  which  eortisol-4-(’'^  was  added  to  produce  a  concen¬ 
tration  similar  to  that  in  specimens  from  the  heart-lungs. 

Xo  evidence  of  nn'tabolism  of  cortisol  was  seen  in  control  blood  specimens 
incubat(‘d  100  min.  at  room  temperature  or  at  37°  C.  .Vpjiroximately  10%  of 
the  radioactivity  added  to  the  heart-lung  prejiarations  was  recove'n-d  in  a 
fraction  which  appears  to  be  11/3,  17a,  20/8,  21-tetrahydroxy-A^-pregnene-3-one. 

'I'h(‘  remainder  of  the  recovered  radioaetivity  appears  to  be  unaltered  cortisol-4- 
C'\ 

Liver  has  the  ability  to  degrade  eortisol  rapidly  as  demonstrated  by  in 
J  vitro  studies  witli  acellular  preparations  (1,  2,  3,  4),  liver  slices  (o), 
liver  perfusions  (b,  7,  8),  and  lyv  in  situ  experime'its  (9). 

However,  there  have  been  conflicting  reports  concerning  the  existence 
of  extra-hepatic  systems  for  altering  corti.sol.  Nelson  ct  at.  (10)  found  !io 
arteriovenous  difference  in  plasma  phenylhydrazine  chromogens  across  in¬ 
flamed  human  limbs,  even  when  corticosteroid  lev'els  were  elevated  by 
ACTII  infusion.  Wilson  et  at.  (11)  reported  that  inflamed  human  knee 
joints  are  capable  of  converting  cortisol  to  a  variety  of  products.  Ganis  et 
nl.  (12)  i.solated  and  identified  four  steroid  metabolites,  including  11/3,  17a, 
20/3,  21  tetrahydroxy  A'  pregnene-3-one,  from  bovine  kidney  minces  incu¬ 
bated  with  cortisol.  Lombardo  et  at.  (13)  found  a  substance  more  polar 
than  cortisol  in  extracts  of  cortisol-perfu.sed  .surviving  dog  kidneys.  This 
.substance  was  not  demonstrated  to  be  a  steroid.  Robbins  et  al.  (8)  found 
“no  appreciable  change”  in  phenylhydrazine  ehromogen  of  blood  perfused 
one  hour  through  the  hind  limbs  of  a  rat.  Sweat  et  al.  (14)  have  reported 
the  isolation  and  identification  of  six  different  labeled  steroids  from  fibro¬ 
blast-derived  tis.sue  culture  incubated  with  eortisol-4-C". 

R('ceiv(*d  Xovembvr  25,  1957. 
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The  (lata  of  the  present  report  indicate  that  the  dog  heart -lung  prepara¬ 
tion  metabolizes  cortisol  at  an  exceedingly  slow  rate  compared  to  liver  and 
that  a  product  of  this  metabolism  appears  to  be  11/3,  17a,  20/3,  21  tetra- 
hydroxy  A*  pregnene-3-one. 


METHODS 

I  Two  hcart-luiif's  wen*  i)r(‘|)ar(‘(l  from  ai)|)roximat(‘ly  10  kj;.  dogs  by  a  technic  modified 

I  liter  that  described  by  Knowlton  and  Starling  (15).  In  this  i)reparation  the  left  ventric- 
idar  ontjnit  is  directed  through  an  adjustable  resistance  and  a  warming  coil  to  a  reservoir 
connected  to  the  superior  vena  cava,  .til  other  effluemt  and  affluent  channels  are  ligated, 
rims  a  closc'd  circuit  including  only  heart,  lungs,  and  connecting  vessels  is  achieved. 
The  blood  donor  and  the  experimental  dogs  were  mah*  mongrels.  The  animals  were 
anesthetized  with  sodium  pentobarbital  (30  mgm.  per  kg.),  given  intravenously.  Blood 
clotting  was  pn'vented  by  the  intravenous  administration  of  30  mgm.  of  heparin  sodium. 

Cortisol-4-C'^,  specific  activity  1.47  millieuries  per  millimole,  was  obtained  from  the 
Hndocrinology  Study  Si'ction  of  the  National  Institutes  of  Health.  Two  mg.  of  this  ma¬ 
terial  were  chromatographed  in  a  i)ro|)3’lene  gl.vcol : toluene  .systimi  for  5  davs.  Eightv- 
two  per  cent  of  the  radioactivity  was  found  in  a  two  inch  zone.  'I'he  steroid  in  this  area 
was  eluti'd  and  used  in  the  experiments  described  below. 

Following  eompletion  of  all  manipulations  required  in  the  preparation  of  the  heart- 
lung,  235  jug.  of  cortisol-4-(''^  in  3  ml.  of  ethanol  were  addl'd  dropwise  to  the  venous 
reservoir.  To  evaluate  recovi'ry  and  |)ossibl('  metabolism  of  steroid  b\’  blood,  80  /ng. 
of  cortisol-4-(''^  were  added  to  I'ach  of  two  400  ml.  aliipiots  of  donor  dog  blood  with 
agitation.  One  aliipiot  was  incubated  in  a  water  bath  (38°  (')  for  a  period  eoincidi'ut  with 
the  survival  of  the  heart-lung  and  the  other  was  allowed  to  stand  at  room  temperature 
(non-incubated  contriil).  Both  aliquots  were  swirled  occasionall.v  during  the  I'xperiment. 

I  The  exix'iiment  was  terminated  whi'ii  a  mean  arterial  pressure  of  100  mm.  Hg  could 

I  no  longer  hi'  maintaini'd,  despite'  adjustmi'iit  of  jn'ripheral  resistance  and  resi'rvoir 

li'vel.  Di'ti'rioration  of  thi'  i)reparation  was  assoi'iated  with  i)rogr('ssive  pulmonary  eih'ina 
and  cyanosis.  The  duration  of  the  experimental  period  in  dog  1  was  100  min.  and  in  dog 
2,  75  min. 

.\t  the  end  of  the  experiment  the  blood  was  draini'd  from  the  preparation.  The  heart 
and  lungs  wi're  dissected  from  thi'  mediastinum.  .Ml  six'cimi'iis,  including  whole  blood, 

I  weri'  stored  frozi'ii  until  extraction.  Prior  to  extraction,  the  heart  and  lungs  were  ground 

'  separately  to  a  thick  slurrv  in  small  quantities  of  ethanol  with  a  Waring  blendor. 

Blood  and  tissue  six'cimi'iis  were  extracted  with  2.5  volumes  of  absolute  ethanol  by 
I  shaking  in  glass-stojjpt'ri'd  centrifugi'  botth's.  .\fter  centrifugation  and  removal  of  the 

sujx'rnatant  the  ri'sidues  were  twici'  extract('d  with  a  volume  of  70%  ethanol  equal  to 
1.5  times  that  of  the  original  tissue  slurrv  or  blood.  Ethanol  extracts  were  combim'd. 
The  residue's  from  the  ethanol  I'xtractions  wi'ri'  twice  extraeti'd  with  a  volume  of  chloro¬ 
form  equal  to  2.5  tinu's  that  of  the  tissue  slurries  or  blood.  For  each  tissue  the  I'ombined 
chloroform  and  ethanol  extracts  were  mix('d  in  a  large  se'paratorj-  funnc'l.  Tlu'  mixtures 
separated  into  aquc'ous  and  chloroform-ethanol  phases.  Emulsions  were  broken  bv 
standing  two  hours  at  —20°  C.  The  acpieous  lav’cr  was  waslu'd  thn'c  times  with  an 
equal  volume  of  chloroform. 

The  chloroform-ethanol  phase  was  dried  at  reduced  pri'ssure  under  a  stream  of 
nitrogen  at  a  tempi'rature  under  40°  C'.  The  dried  residue  was  redissolved  in  10  ml.  of 
70%  ethanol  i)er  25  gm.  of  original  tissue  or  blood.  The  ethanol  extracts  were  defatted 
by  shaking  with  10  ml.  of  n-hexane  per  ml.  of  70%  ethanol.  The  hexane  was  decanted  and 
the  procedure  repeated  with  fresh  hexani',  5.0  ml.  per  ml.  of  70%  ethanol.  The  ethanol 
was  drawn  off  and  diluted  to  a  volume  of  aijproximately  one  ml.  per  gram  of  original 
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tissue  or  i)l()0(l.  These  exiieriinents  eontained  1  to  3  mn-  of  uon-volatile  substanee  per  lul. 

Aqueous,  liexane,  and  ethanolie  fraetions  were  plated  and  eounted  under  a  thin  win¬ 
dow  gas-flow  tube  (Xuelear-Chieago  I)-47).  Counts  were  made  in  duplieate  to  a  10% 
standard  error  and  eorreeted  by  means  of  an  experimental!}’  determined  self-absorption 
eurve. 

Isolation  of  steroids  was  aeeomplished  by  descending  chromatography  according  to 
l)rinciples  described  by  Hurton,  Zaffaroni,  and  Keutmann  (10).  For  preliminary  resolu¬ 
tion  and  quantitation  of  the  steroids  present,  aliquots  of  ethanol  extracts  equivalent  to 
2.5  gm.  of  blood  or  tissue  were  chromatographed  .5  to  8  days  on  strii)s  3  cm.  wide  in  a 
l)ropylene  glycol : toluene  system.  Larger  amounts  of  steroid  were  required  for  identi¬ 
fication  studies  and  were  isolated  in  a  formamide:  chloroform  system  in  which  develop¬ 
ment  requires  only  0  to  8  hours.  Chromatographic  patterns  were  identical  in  the  two 
systems.  Acetylated  derivatives  w(‘re  chromatographed  in  a  propylene  glycol ’.toluene 
system,  17-ketosteroid  derivatives  in  a  propylene  glycol  :n-hexane  .system. 

Acetates  were  i)repar(‘d  by  dissolving  evaporated,  vacuum  dessicated  residues  in 
one  ml.  of  a  2:1  pyridine: acetic  anhydride.  The  mixture  stood  for  20  hours  at  room 
temperature.  The  acetylating  mixture  was  evaporated  under  a  stream  of  nitrogen 
in  vacuo  at  room  temperature.  17-Ketosteroid  (h'rivatives  were  prepared  as  described  by 
Berliner  el  nl.  (17).  Phenylhydrazine  chromogens  were  determined  by  incubating  a  2 
ml.  methanol  solution  of  tlu'  steroid  with  3  ml.  of  a  0.1.5%  (w  v)  solution  of  phenyl¬ 
hydrazine  hydrochloride  in  22X  sulfuric  acid  overnight  in  darkness  at  room  tempera¬ 
ture.  Extinction  was  determined  at  420  millimicrons. 

Radioactivity  was  located  on  papc*r  chromatograms  with  a  n*cording  scanner  (X'u- 
clear-Chicagf),  Actigraph  C-100).  This  instrument  provi(h‘s  a  chart  record  of  the  radio¬ 
activity  on  the  paper  chromatogram. 

Identific’ation  studies  w(*re  based  on  tin'  mixed  radiochromatogram  technic.  The 
radioactive  zone's  on  the  chromatograms  reveah'd  as  peaks  on  the  n'cord  of  the  scanner 
were  separate'ly  ('luted  in  methanol.  The  amounts  of  radioactive  steroid  in  tlu'se  cluat('s 
ranged  from  1  to  20  micrograms,  quantiti(*s  too  small  for  physical  and  chemical  charac- 
te'rization  by  conventional  means. 

'Fhe  mobility  of  a  radioactive  unknown  j)rovid('s  evidence  for  a  n'asonable  conjecture 
rc'garding  its  identity.  On  the  basis  of  this  conjc'cture,  .50  to  75  micrograms  of  an  appro¬ 
priate  autlu'ntic  steroid  sample  were  achh'd  to  tlu'  labelh'd  unknown.  The  mixture  was 
chromatograplu'd  and  the  resulting  i)ai)('r  scamu'd.  The  strip  was  cut  into  threc'-fourths 
inch  sections,  each  of  which  was  elut('d  in  4  ml.  of  methanol.  The  optical  density  at 
240  m/i.  uf  each  eluate  was  determiiu'd.  The.se  values  were  plotted  on  the  scanner  rec¬ 
ord  of  the  radioactivity.  .V  jirecisc'ly  similar  distribution  of  radioactivity  and  ultra¬ 
violet  light  absorbing  pow('r  indicat('d  tentative  identity  of  the  labc'lh'd  unknown  and  tin' 
addc'd  known  specimen. 

Additional  evidence  of  idi'iitity  was  obtaim'd  by  performing  the  same  procedure' 
afti'r  acetylation  and  afti'r  oxidation.  In  the  case  of  cortisol  the  distribution  of  phenyl¬ 
hydrazine  chromogenicity  was  also  (h'termiiu'd  before  and  after  acetylation. 

RESULTS 

Table  1  show.s  tlie  recovery  of  activity  from  each  specimen,  expressed  as 
a  percentage  of  the  amount  added.  Virtually  all  of  the  radioactivity  was 
found  in  the  ethanol  fraction.  The  hexane  and  aqueous  fractions  each  con¬ 
tained  amounts  of  the  order  of  0.1%  of  the  total.  The  absence  of  significant 
radioactivity  from  the  aqueous  fraction  is  regarded  as  evidence  against 
conjugate  formation. 
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TaBI.E  1.  UE('t)VERY  OF  RADIOATTIVITY  AS  l>ER  OENT  OF  gi'ANTlTY  ADDED  AS 

<  0RTIS(JI,-4-(''^  from  the  doo  heart-i-i  xc  and  from  blood  controls 


Heart 

Lnnn 

Blood 

Total 

l)()g  1 

12.7 

20.5 

30 . 0 

00.8 

l)o>s  2 

10.0 

25.1 

30.8 

05.0 

I iicul)!it(‘(l  control 

81 

\on-incut)atc(l  control 

77 

The  recovery  values  for  control  specimens  are  of  the  order  of  magnitude 
usually  observed  when  cortical  steroids  are  extracted  from  blood  or  tissue, 
rhe  approximately  11%  average  lower  recovery  from  the  heart -lung 
preparations  is  explained  in  part  by  incomplete  collection  of  blood  from 
the  heart-lung  and  connecting  tubes. 

The  activity  extracted  from  the  blood  of  the  heart  lungs  represented 
about  10  Mg.  per  100  ml.  as  cortisol. 

Only  cortisol  was  found  in  the  control  blood  specimens  by  the  chromato¬ 
graphic  procedures  described. 

Two  radioactive  substances  were  found  in  the  heart,  in  the  lungs,  and 
in  the  blood  from  the  heart -lung  preparations.  The  less  polar  of  these  sub¬ 
stances  (Fraction  II)  when  mixed  with  authentic  cortisol  showed  a  pre¬ 
cisely  similar  distribution  on  the  paper  chromatogram  of  radioactivity  and 
of  ultraviolet  light  absorption.  Corresponding  distribution  of  radioactivity 
and  ultraviolet  light  absorption  was  found  after  acetylation  of  the  mixture 
and  after  oxidation  to  a  17-ketosteroid.  Phenylhydrazine  chromogenicity 
and  radioactivity  of  the  mixture  were  similarly  distributed  before  and 
after  acetylation.  This  fraction  appears  to  be  unaltered  cortisol. 

The  more  polar  of  the  two  radioactive  substances  isolated  (Fractioji  I) 
was  mixed  with  11  beta,  17  alpha,  20  beta,  21-tetrahydroxy-delta  4-preg- 
nene-3-one.  Paper  chromatograms  showed  a  precisely  similar  distribution 
of  radioactivity  and  ultraviolet  light  absorption  before  and  after  acetyla¬ 
tion  and  after  oxidation  to  a  17-ketosteroid.  This  fraction  appears  to  be  11 
l)eta,  17  alpha,  20  beta,  21-tetrahydroxy-delta  4-pregnene-3-one. 

Table  2  shows  the  ratios  of  radioactivity  in  the  11/3,  17a,  20/3,  21-tetra- 
hydroxy-A^-pregnene  fraction  (I)  and  the  cortisol  fraction  (II)  for  each 
tissue.  Also  shown  are  calculations  of  the  percentage  of  total  radioactivity 
added  to  the  preparation  foimd  in  each  fraction  in  each  tissue. 

The  origins  of  chromatograms  of  both  control  and  experimental  speci¬ 
mens  contained  up  to  o%  of  the  radioactivity  on  the  strip.  The  amount  of 
radioactivity  remaining  at  the  origin  seemed  to  be  correlated  with  the 
amount  of  non-steroidal  material  in  the  extract.  Several  origins  were 
pooled  and  chromatographed  in  a  formamide : chloroform  system  for  24 
hours.  No  radioactivity  moved  from  the  origin.  Pentols  have  mobilities  of 
0.2.5  to  0.85  cm.  per  hour  in  this  system  (2).  Pooled  origins  were  subjected 
to  the  acetylating  procedure  and  chromatographed  for  various  periods  up 
to  five  hours  in  a  propylene  glycol: toluene  system.  No  movement  of  radio- 
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activity  from  the  origin  was  observed.  These  experiments  indicate  that  the 
origins  did  not  contain  steroids  of  polarity  equal  to  or  less  than  that  of  the 
pentols  and  that  no  readily  acetylable  steroids  were  present.  The  radio¬ 
activity  at  the  origins  probably  represents  a  chromatographic  artefact 
rather  than  the  presence  of  additional  metabolic  products. 

The  run-off  from  the  initial  chromatograms  contained  one  to  two  per 
cent  of  the  radioactivity  on  the  paper.  The  run-offs  were  rechromato¬ 
graphed  i!i  a  propylene  glycol  :n-hexane  system  for  24  hours  and  in  a 
propylene  glycol : toluene  .system  for  lo  hours.  The  radioactivity  remained 
at  the  origin  in  l)oth  ca.ses.  The.se  experiments  indicate  the  al).sence  of 


TaBI.K  2.  DlSTRIBl  TlOX  IX  THE  HEART-I.I  XC  OK  RADIOACTIVITY  BETWEEX  llff, 
17a,  20(i,  21-TKTRAHYDROXY-A<-PRE(iXEXE-3-OXE  (FraCTIOX  I)  CORTISOI, 
(F'raI'TIOX  II)  AS  PER  TEXT  OK  TOTAL  RADIO-ACTIVITY  ADDED 
AS  CORTISOL-4-C'” 


Fraetioii  I 

Fraetioii  II 

Ratio  I  II 

DoiJ  1 

Heart 

I  .0 

11  .7 

O.Otl 

Luiik 

3.7 

10.8 

0.22 

Hlood 

.T  .3 

31  .3 

0.17 

T..tHl 

III.O 

.iO.S 

Dot  2 

Heart 

1  .3 

S.7 

0 . 1  .'■} 

l.uiiK 

4.3 

20.8 

0.21 

Hlood 

4.!» 

2.=).0 

0.10 

Total 

10..'} 

.'}.'} .  4 

mea.sureable  amounts  of  steroids  with  the  mobility  of  17-ketosteroids  from 
the  extracts.  The  phenomenon  may  represent  a  chromatographic  artefact 
of  a  type  which  has  also  been  ob.served  by  others  (17). 

Disrussiox 

The  experiments  de.scribed  above  differ  in  .several  important  respects 
from  previously  reported  investigations  of  extrahepatic  corti.sol  metab¬ 
olism.  First,  physiological  concentrations  of  steroid  have  been  employed. 
Second,  the  isolated  heart-lung  is  a  closed  .sy.stem  having  the  advantage  of 
nearly  complete  recovery  of  the  added  .sub.stance.  Finally,  the  analytical 
method  de.scribed  was  designed  for  positive  recognition  of  small  quantities 
of  steroid  metabolites.  Such  an  approach  yields  firmer  conclusions  than 
one  ba.sed  on  decreased  recovery  of  a  nonspecific  chromogen  (8,  12). 

In  order  to  inve.stigate  the  po.ssibility  that  small  quantities  of  metab¬ 
olites  other  than  11/3,  17a,  20/3,  21-tetrahydroxy-A^-pregnene-3-one  had 
been  produced,  the  extracts  of  the  total  .specimen  of  heart,  of  lung,  and  of 
blood  of  dog  2  were  each  chromatographed  three  to  four  times  on  multiple 
papers  in  order  to  obtain  a  purified  preparation  which  could  be  chromato¬ 
graphed  on  a  single  3  cm.  strip.  No  additional  .substances  were  found.  How¬ 
ever,  other  metabolites  may  have  been  pre.sent  in  quantities  too  .small  to 
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1)6  detected  by  our  methods  or  lal)ile  steroids  may  have  been  destroyed  i)y 
the  isolation  procedures. 

The  demonstration  that  cortisol  undergoes  reduction  of  the  20-ketone 
in  the  heart-lung  preparation  relates  to  the  general  question:  Are  the  bio¬ 
logical  actions  of  the  corticosteroids  coupled  with  chemical  transformations 
of  these  substances?  If  cortisol  acts  as  a  coenzyme  in  hydrogen  transport, 
one  would  expect  the  reduction  to  be  rev’ersible.  The  possibility  should  l)e 
put  to  experimental  test  by  presenting  C'Mabeled  11/8,  17a,  20/3,  21-tetra- 
hydroxy-A^-pregnene-3-one  to  a  heart -lu?ig  preparation.  Abelson  (18) 
claims  that  this  steroid  has  a  slight  glycogenic  action  in  the  adrenalec- 
tomized  mouse,  whereas  Glenn  et  al.  (3)  have  been  unable  to  demonstrate 
such  an  action.  Weak  biological  activity  does  not  rule  out  coiiversion  of 
11/8,  17a,  20/3,  21-tetrahydroxy-A^-pregnene-3-one  to  cortisol,  since  Glenn 
et  al.  (3)  have  demonstrated  that  potency  is  determined  not  o’dy  by  groups 
which  endow  biological  activity  but  also  by  groups  which  alter  rate  of  deg¬ 
radation.  Reduction  of  the  20-ketone  may  prevent  the  steroid  reaching  the 
target  site  in  effective  concentratio!)  because  of  rapid  rate  of  degradation. 
The  problem  is  a  complex  one  and  we  are  not  in  a  position  to  state  whether 
reduction  of  cortisol  at  C-20  by  the  heart-lung  preparation  is  merely  s) 
degradative  process  or  is  indeed  related  to  biological  action. 
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AGE  AND  ('ASTRATION  IN  RELATION  TO  FATTY 
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AUSTKAC'T 

At  autopsy,  20  of  21  mail*  rats  agod  571-S21  days  had  grosslj'  fatty,  oii- 
largc'd  liv(‘rs.  lly  contrast,  24  a>jcd  neonatal  castrate's  did  not  demonstrate  tins 
findiiiK.  Furtlier,  the  livers  of  24  younger  animals,  77-173  days,  from  comiea- 
rabh'  treatment  groups,  were  not  grossly  fatty.  Se'ctions  we'n*  made  from  all 
livers.  Extracted  liver  fat  and  the  histologic  findings  jjaralleled  the  gross 
findings  of  fatty  and  non-fatty  livers. 

The  various  short-term  treatments  which  some  of  the  rats  received  prior  to 
sacrifice  appean'd  to  have*  no  eff('ct  upon  hepatic  fat.  Thus,  in  these  animals, 
the  two  factors  aj)i}arently  contributing  to  the  jiresence  of  fatty  livc'r  w(*re  ohl 
age  and  the  retention  of  the  gonads  until  old  ag('. 

There  is  ample  evidt'nce  in  the  literature  that  diet  affects  liver  fat;  however, 
if  diet  is  implicated  in  these  findings,  then  the  lack  of  fatty  liver:  a)  in  the  24 
aged  neonatal  castrates  and,  b)  in  one  aged  testosterone-treati'd  castrate',  both 
warrant  ('xplanation. 

INTRODUCTION 

DI’RING  .stiulie.s  of  the  effects  of  age  and  castration  upon  reactivity 
to  androgen  in  male  rats  it  was  observed  at  autopsy  that  the  livers  of 
some  aged  animals  were  grossly  fatty,  while  those  of  others  were  not.  For 
the  original  purpo.ses  of  the  study,  several  groups  of  animals  received  vari¬ 
ous  short-term  treatments  prior  to  .sacrifice.  This  information  is  pre.sented 
so  that  the  reader  may  know  what  was  done  to  each  animal.  However, 
hepatic  fat,  with  which  this  report  is  concerned,  appears  not  to  have  been 
affected  by  the.se  brief  treatments. 

M.\TERIALS  AND  METHODS 

Scvcnty-ninc  male  rats  of  a  locally-inbrcd  derivative  of  the  Osborne-Mendel  strain 
were  utilized,  .34  being  young  (77-173  days)  and  4.t  aged  (.571-821  day.s).  Thirty-six 
were  castrated  on  the  day  of  birth  using  Pfeiffer’s  method  (1);  12  of  these  that  were 
studied  from  91  to  173  days  an'  n'ferred  to  as  young  neonatal  castrates,  24  that  were 

R<'c('ived  December  .5,  1957. 

'  This  investigation  was  supportt'd  in  i)art  by  researc'h  grants  from  the  Duke  Eni- 
versity  Council  on  Research  and  the  Durham-Orange  County  Heart  .Vssociation. 

*  During  tenure  of  l'SPH8  Medical  Student  Re.search  Fellowship. 

®  This  work  was  done  during  the  tenure  of  a  Research  Fellowship  of  the  .\merican 
Heart  Association.  Senior  Research  Fellow  USPHS. 
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'tudiod  from  571  to  821  days  are  referred  to  as  aged  neonatal  castrates.  Thirty  animals 
ivere  eastrated  by  abdominal  route  3  weeks  prior  to  saerifiee,  16  of  these,  beinp  77-147 
lays  old  when  studi(“d,  and  ndernal  to  as  young  castrates,  14  being  574-814  days  old 
when  studied  are  referred  to  as  aged  castrates.  Thirteen  animals  remained  intaet  through- 
)ut  the  experiment;  6  studied  at  79-138  days  are  referred  to  as  young  intact  animals,  7 
-tudied  at  571-821  days  are  referred  to  as  aged  intact  animals.  Litter  mates  wt're  used 
ill  the  several  categories  whenever  possible.  All  animals  were  identically  caged  and  fed 
on  Purina  Fox  Chow  and  water  ad  libitum.  All  animals  were  killed  bj’  intrathoraeic 
injection  of  an  exce.ss  of  Nembutal.  At  autopsy,  the  liviT  was  weighed  and  an  ajijiroxi- 
iiiately  50  mg.  samph*  takmi  from  the  tij)  of  the  hdt  lobi'  for  routine  H  and  E  st'ctions. 
The  livers  from  54  animals,  comprising  12  young  and  8  aged  neonatal  castrates,  16 
young  and  9  aged  castrates,  and  6  young  and  3  aged  intact  animals,  were  drii'd  for  3 
days  at  105°  F,  re-weighed  and  fat  extracted  with  petroleum  benzin. 

In  addition  to  castration  3  weeks  prior  to  sacrifice,  the  short-term  treatments  in- 
cludetl:  in  1 1  agc'd  neonatal  castrates,  2  were  given  0.15  cc.  normal  saline  intravenously 
(l.V.)  one  hour  prior  to  sacrifice,  5  were  given  300  Mg.  acpieous  te.sto.stcrone^  in  0.15  cc. 
normal  saline  l.V.  one  hour  before  sacrifice,  4  were  given  no  treatment.  .\11  other  animals 
were  injected  subcutaneoush’  with  0.5  cc.  sesame  oil,  with  or  without  .500  mH-  testos¬ 
terone'  propionate  ('1'.  P.)^  for  7  consecutive  days  i)rior  to  sacrifice. 

RESULTS 

At  autop.sy,  20  of  the  21  aged  intact  animals  and  aged  castrates  liad 
large,  grossly  fatty  livers.  In  contrast,  the  livers  of  all  of  the  24  aged  neo¬ 
natal  castrates  were  of  normal  size  and  appearance.  Notie  of  the  livers  of 
the  34  young  animals  (intact,  castrates  and  neonatal  castrates)  was  either 
enlarged  or  fatty.  Table  1  gives  the  findings  o!i  fatty  liver  with  ages  and 
information  on  treatment.  The  results  of  liver  fat  extraction  are  pre.sented 
in  Table  2.  The  one  aged  T.P. -treated  castrate  which  did  not  hav^e  a  fatty 
liver  should  be  noted,  as  fatty  liver  was  seen  in  all  hut  one  of  the  aged 
animals  that  were  not  castrated  neonatally,  and  in  none  of  the  24  aged  neo¬ 
natal  castrates. 

The  histologic  .sections  of  all  livers  paralleled  the  gro.ss  ob.servations  and 
extracted  fat  values.  Sections  from  aged  intact  animals  and  aged  castrates 
with  and  without  T.P.  showed  ma.ssive  fatty  metamorphosis,  loss  of  normal 
architecture  with  random  hyperplastic  liver  cords,  minimal  periportal 
fihro.sis,  cytomegaly  with  vacuolization,  “foamy”  cytoplasm,  amorphous 
eosinophilic  cytoplasmic  inclusions,  nucleomegaly  or  pyknosis,  ati  iticreased 
number  of  binucleated  cells  and  chronic  pa.ssive  congestion.  The  one  T.P.- 
treated  aged  castrate  which  had  no  gro.ss  fat  showed  only  moderate  conge.s- 
tion  and  mild  hydropic  change.  Sections  from  aged  neonatal  castrates 
showed  no  fatty  metamorphosis,  cytomegaly  or  nuclear  pyknosis;  all  had 

■'  The  water-soluble  testosterone  17-/3,  diethylaminoethyl-earbonatt'  hydroehloride 
was  synthesizetl  by  the  ('iba  Pharmaceutical  Products,  Inc.  and  supplied  through  the 
generosity  of  Dr.  C.  H.  Sullivan.  .\n  additional  amount  of  the  .same  material  was  gen¬ 
erously  supplied  by  Dr.  .\lbert  S(‘galoff  of  the  .\lton  Oschsner  Medical  P'oundation. 

®  Testosterone  propionate  was  supplied  by  the  courtesy  of  Ciba  Pharmaceutical 
Products,  Inc. 
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Table  1.  Fatty 

LIVER  IX  a(:ei>  and 

YOrXU  AM.MALS 

Treatment 

(in  0.5  ee.  sesame  oil  for  7  days 
exeept  when  marked*) 

Age  in  days 
(mean) 

Number  of 
animals 

Number  of 
animals  with 
fatty  liver 

Intaet  male-f-0.5  ee.  S.O. 

.571-821 

(005) 

1 

7 

.\dult  east  rate +0.5  ee.  S.O. 

.574-814 

(004) 

" 

7 

.Vdult  eastrat +.500  /ug.  T.P. 

000-724 

(071) 

7 

0 

Neonatal  eastrate+0.5  ee.  S.O. 

.571-821 

(700) 

4> 

0 

Neonatal  castrate +.500  ^K.  T.P. 

000-700 

(080) 

■ 

0 

Neonatal  castrate* 

.574-70.5 

(000) 

11 

0 

Intaet  male +0.5  ee.  S.O. 

70  138 
(104) 

0 

0 

.\dult  eastrat»‘ +0.5  ee.  S.O. 

77-147 

(118) 

8 

0 

.\dult  castrate +.500  fiK-  T.P. 

00-147 

(108) 

8 

0 

N(“onatal  eastrate+0.5  ee.  S.O. 

01-138 

(115) 

0 

0 

Neonatal  castrate +.500  T.P. 

107-173 

(140) 

0 

0 

*  5  unimals  3(K)  Aqueous  Testosterone  XI. 
2  unimals  0.15  ee.  normal  saline  Xl. 

4  animals  no  treatment. 

T.P.  =  Testosterone  Propionate. 

S.O.  =  Sesame  Oil. 


normal  architecture  with  only  occasional  patchy  areas  of  mild  hydropic 
change.  Liver  sections  from  young  animals  in  all  groups  were  normal  in  ap¬ 
pearance.  Representative  sections  of  liver  are  shown  in  Figures  1-4. 

DISCUSSION 

An  extensive  bibliography  relating  fatty  liver  to  many  pathologic  condi¬ 
tions,  including  dietary  abnormalities,  is  included  in  Anualcs  de  la  Nutri¬ 
tion  et  de  IJ Aliynentation,  Vol.  VII  (1953),  but  no  reference  was  found  to 
the  development  of  fatty  livers  in  aged  rats  which  had  received  a  presum¬ 
ably  adequate  diet  and  were  not  specifically  .subjected  to  known  hepato- 
toxins.  Lowry,  ct  al.  stated  that  there  were  no  pronounced  changes  in  the 
chemical  composition  of  the  liver,  including  fat,  in  aged  Yale-Cornell  and 
Wistar  strain  animals  (2).  Klein  and  John.son  (3),  however,  .suggested  that 
diets  which  supported  good  growth  and  adequate  reproductive  function 
might  not  meet  nutritional  requirements  in  senescent  animals  and  might 
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TaBLK  2.  FxTRACTED  liver  KAT  KROM  A(iED  AND  Y()l  \(i  ANIMALS 


Treatment 

m  0.5  cc.  .Hosame  oil  for  7  days, 
except  when  marked*) 

Number 

of 

anim  .Is 

Arc  in  days 
(mean) 

Wt.,  Rins. 
(mean) 

Liver  wt.  in  Rrams 
(mean) 

Mr.  fat  Riii.  liver 
(mean) 

ntact  male -f 0.5  cc.  S.O. 

3 

571-574 

(572) 

320-410 

(354) 

12.464- 15. 4(M 
(14.113) 

140.8-191 .8 
(166.1) 

\dult  castrate +0.5  cc.  S.O. 

4 

574  710 
(650) 

280  370 
(313) 

12.257-17.309 

(14.220) 

180.7-204.8 

(192.9) 

\dult  castrate +5<HI  k.  T.I*. 

5 

6(KI  724 
(658) 

328-  382 
(349) 

8.338-16.816 

(12.276) 

25.21-219.6 

(163.1) 

Meonatal  castrate +0.5  cc.  S.O. 

1 

571 

256 

5.153 

25.2 

N'conatal  castrate +  500  /ir.  T.I*. 

- 

000 

(6(M») 

280  288 
(284) 

3.637-5.412 
(4 . 525) 

25.8-26.9 

(26.4) 

Veonatal  ca.strate* 

.■) 

658  724 
(705) 

255  375 
(314) 

5.481-8.111 

(6.414) 

17.8-36.8 

(27.7) 

intact  male +0.5  cc.  S.O. 

6 

79- 138 
(104) 

250  323 
(277) 

6.918-9.556 

(8.101) 

13.3-16  8 
(14.4) 

\dult  castra'e+0.5  cc.  S.O. 

8 

77  147 
(118) 

185  312 
(248) 

4.957-9.9.38 

(7.205) 

10.4  17.2 
(13.8) 

*dul'  cas'r.i'e +.500  #iR.  T.I*. 

8 

96  147 
(108) 

240  3(MI 
(278) 

7.988-9.793 

(8.923) 

9.3-15.7 

(11.7) 

Neonatal  castrate +0.5  cc.  S.O. 

r> 

91  138 
(115) 

1!H)  260 
(230) 

4.780-7.261 

(5.861) 

13.1-23.7 

(17.0) 

Neonatal  castrate +5(M»  #xr.  T.P. 

(> 

107- 173 
(140) 

180  250 
(218) 

5.142-7.820 

(6.737) 

8.6  12.6 
(12.0) 

*  3  animals  no  treatment  -  2  animals  normal  saline  XI. 
t  1  animal  25.2  iiiK.,  see  text  for  discussion. 

T.P.  =  Testosterone  Propionate. 

S.O.  sSesame  Oil. 


result  in  tlie  development  of  the  signs  of  fatty  aeid  defieieney.  Shipley, 
Chudzik  and  (Jydrgi  (4)  stated  that  castration  had  no  effect  upon  the  de¬ 
velopment  of  fatty  liver;  Hall  and  Korenehevsky  (5)  felt  that  testosterone 
had  a  stimulating  effect  upon  the  liver,  while  pre-puhescent  castration 
caused  a  decrease  in  liver  lobule  size,  (lyorgi,  Ro.se  and  Shipley  ((>)  found 
that  exogenous  testosterone  had  only  minimal  lipotropic  effect;  Farher, 
Koch-Weser  and  Popper  (7)  and  Farber  and  Segaloff  (8)  stated  that  andro¬ 
gens  protect  against  the  development  of  fatty  liver  cau.sed  by  ethionine 
and  that  castrated  males  were  highly  susceptible  to  methionine-deficiency 
fatty  liver.  The  latter  inve.sti gators  found  that  three  androgens  of  various 
potencies  depres.sed  liver  lipid  level  and  hypothesized  that  this  was  due  to 
the  protein-sparing  effect  of  androgens  and  perhaps  to  a  relation  between 
testosterone  and  methionine.  Emerson,  Zamechik  and  Nathanson  (9) 
showed  that  exogenous  T.P.  aggravated  the  hepatic  and  renal  le.sions  pro¬ 
duced  by  high-fat,  low-choline  diet.  In  the  animals  in  the  pre.sent  study, 
fed  a  presumably  adecjuate  diet,  neonatal  castrates  had  lower  liver  fat 
levels  at  all  ages,  the  difference  being  striking  in  aged  animals. 

Although  we  have  no  explanation  for  this  occurrence,  or  why  it  has  not 
been  reported  by  others,  .several  possibilities  should  be  mentioned:  The 
feeding  hal)its  of  the  groups  may  have  differed;  there  is  some  suggestion  of 
this  as  aged  intact  animals  weighed  more  (mean  =  382  gm.)  than  aged 
neonatal  castrates  (mean  =  319  gm.),  although  this  was  not  statistically 
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Liver  sections  from  male  rats  following  various  treatments.  Figures  at  X130  magni¬ 
fication. 

Fig.  1.  Liver  from  aged  intact  mail'. 

Fig.  2.  Liver  from  aged  castrate. 

Fig.  3.  Idver  from  aged  ni'onatal  castrate. 

Fig.  4.  Liver  from  young  intact  male. 


.significant.  It  is  po.ssible  that  these  findings  in  the  Osborne-Mendel  rat 
may  represent  a  special  ca.se  or  condition.  Mickel.sen,  Takaha.shi  and 
Craig  ( 10)  reported  on  the  utilization  of  ad  libitum  feeding  of  high-fat  diets 
in  the  production  of  ohe.sity  in  3  strains  of  rats.  They  reported  that  wean¬ 
ling  NIH  Black  rats  fed  their  diet  jfl0,004  attained  an  average  weight  of 
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gm,  after  25  weeks  of  the  diet;  Sprague-Dawley  rats  weighed  464  gm. 
and  Oshorne-Mendel  rats  666  gm.  after  the  same  time  interval.  The.se  data 
may  suggest  a  difference  in  the  handling  of  ingested  fat  l)y  the  Oshorne- 
Mendel  rat. 
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THE  EFFECT  OF  NATURAL  ESTROGENS  AND  A 
SYNTHETIC'  STEROID  ON  THE  PHOSPHOLIPID 
METABOLISM  OF  THE  ('HICK 


IL  E.  RANNEY  and  SALLY  E.  WEISS 

Dii'ision  of  Biological  Research,  G.  I).  Searle  (t  Co.,  Chicago,  Illinois 
AliSTRACT 

(’ockercls  wore  treate<l  with  equivalent  doses  of  one  of  tliree  steroids; 
estrone,  (‘stradiol  benzoate,  or  a  new  synthetic  material,  methox.v-methyl-estra- 
trieiuMliol  (SC-()924).  The  steroids  increased  in  identical  fashion  the  plasma 
l)hospholipid  concentration  and  turnover  rate  and  the  hepatic  jihospholipid 
sj)e<dfic  activity.  In  addition,  evidence  for  steroid  i)otentiation  of  a  selective 
secretion  into  plasma  of  an  hepatic  lecithin  fraction  of  high  specific  activity  is 
presented.  It  was  eoncluded  that  the  steroids  enhanced  the  activity  of  both  the 
synthetic  and  the  catabolic  systems  associated  with  hepatic  idiospholipid 
metabolism.  Furthermore,  it  was  apparent  that  lecithin  synthesis  in  the  liver 
proceeds  more  rapidly  than  does  that  of  the  cephalins  as  a  result  of  the  steroid 
tn‘atment. 

IT  IS  an  estal)lished  fact  that  estrogens  profoundly  modify  pla.sma  lipid 
components  in  the  cockerel  (1,  2).  In  this  report  we  have  compared 
two  natural  estrogens,  e.strone  and  e.stradiol  benzoate,  and  a  synthetic  ster¬ 
oid,  methoxy-methyl-estratriene-diol  (SC-h924),‘  in  their  effects  upon  the 
rates  of  incorporation  of  inorganic  P-^-  into  the  phospholipids  of  liver  and 
plasma. 

METHODS 

Four-week  old  cockerels  fed  a  starter  mash  were  divided  into  four  groups  of  four 
birds  each  and  were  treated  intramuscularly  as  follows:  (I)  control  birds  given  oil 
vehicle  alone;  (II)  estrone  15  mg.  kg.;  (Ill)  estradiol  benzoate  3  mg. /kg.;  (IV)  SC-6924 
60  mg.  kg.  These  doses  of  the  steroids  in  oil  were  shown  in  preliminary  experiments  to 
bring  about  equivalent  increases  of  plasma  phospholipid  levels  at  the  time  interval 
studied.  Twenty-six  hours  after  the  administration  of  test  compounds,  when  plasma 
l)hospholipi<l  hwels  remained  relatively  constant  and  a  new  steady  state  had  been  es¬ 
tablished,  the  fasted  birds  were  given  intravenously  about  1  me.  as  sodium  phos¬ 
phate.  Plasma  samples  were  drawn  and  liver  biopsies  were  performed  at  4,  8,  and  20 
hours  after  the  administration  of  P^’.  Plasma  and  homongenized  liver  samples  were 
extraet(‘d  by  the  chloroform-methanol  methods  of  Folch,  et  al.  (3,  4).  Phospholii)id 
jdiosphorus  in  the  extracts  was  estimat'd  by  the  method  of  King  (5).  Fractionation  of 
plasma  extracts  into  lecithins  (choline-containing  phospholipids)  and  cephalins  (non- 

Received  December  6,  1957. 

'  SC-6924  is  3-Methyoxy-16a-methyl-l,  3,  5  (10)  estratriene  16/3,  17/3-diol  a  synthetic 
steroid  synthesized  by  Dr.  David  .\.  Tyner  of  the  Chemical  Research  Division  of  G.  1). 
Searle  &  Co.  This  compound  (Manvene)  has  the  propertj’  of  profoundly  modifying  the 
lipid  metabolism  of  the  chick  but  exhibits  only  weak  estrogenic  properties. 


828 


June,  19'i8 


PHOSPHOLIPID  MKTABOLIS.M  OF  THE  CHICK 


S29 


Fig.  1.  LivcT  and  plasma  jihospholipid  specific  activity-time  curves.  Symbols:  Open 
circle  plasma  of  control  chicks;  open  bo.\,  liver  of  control  chicks;  closed  circle,  jilasma 
of  «“stradiol  benzoate  treated  birds;  closed  box  liver  of  estradiol  benzoate'  treated  birds. 
The  phospholipid  specific  activity  is  calculated  as  the  j)er  c(‘nt  of  administeri'd  P-*-  re¬ 
covered  per  niK.  <>f  phospholipid.  The  abscissa  indicates  the  time  elapse'd  after  the  ad¬ 
ministration  of  the  radioisotope. 


choline  containing  phospholipids)  was  carried  out  on  jiooled  samples  from  (Iroups  I  and 
1 1 1  by  the  adsorption  of  the  lipid  extracts  on  MgO  and  the  subseepient  elution  of  h'cithins 
by  methanol  (b).  The  radioactivity  of  tin'  extracts  was  measured  on  direct  mounts  with 
an  end-window  geiger  counter. 


RESULTS 

Figure  1  gives  the  specific  activity-time  curves  of  the  control  liirds  and 
curves  repre.sentative  of  the  test  groups.  Since  the  curves  for  all  steroid 
treated  groups  were  nearly  identical,  only  tho.se  for  estradiol  benzoate 
have  been  illustrated.^  The  liver  phospholipid  specific  activity  in  the  con- 

*  The  maximum  values  for  liver  and  plasma  specific  activities  of  all  groups  at  4  and 
S  hours  resiiectively  have  been  listed  in  'table  1. 
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Table  1.  The  effects  of  steroid  treatment  ox  plasma  phospholipid 

METABOLISM  IN  THE  CHICK 


Mean  plasma  phospholipid  Mean  maximum  .sp<H'ihe 


Mean 

btxiv 

weight 

(gm.) 

Concen¬ 
tration 
at  4  hrs. 
(mg.  ml.) 

activ 

ity* 

Ciruiip 

Treatment 

Tiirnovt 

time 

(hrs.) 

■r  Turnover 
rate 

(mi;,  hr.  ml.) 

Liver 
(4  hrs.) 

Plasma 
(8  hrs.) 

I 

Oil  Control 

433 

1.94 

6.67 

0.291 

5.74X10  » 

4.40X10  »t 

11 

Kstrone.  15  iiig.  kg. 

371 

5.55 

2.69 

2.03 

8.38X10-> 

9.09X10  » 

III 

Estradiol  Benzoate. 

391 

4.49 

1.8.5 

2.43 

7.10X10-> 

8.06X10  » 

3  IllK./kK. 

IV 

JSC-6924.  60  mg.  kg. 

385 

4.77 

2.18 

2.19 

7.65X10-S 

7.76X10  » 

*  Speei^ir  activity  is  calculatcK)  as  the  per  cent  administered  P”  recovered  per  mg.  phospholipid, 
t  The  value  listed  is  the  maximum  control  specific  activity  ubserviKl  at  20  hours. 


trol  group  rose  rapidly  to  a  maximum  at  4  hours  and  tlien  gradually  re¬ 
ceded  while  that  of  plasma  continued  to  rise  toward  an  intersection  with 
the  hepatic  curve  at  some  time  later  than  20  hours. 

The  specific  activity-time  curves  for  both  the  liver  and  the  plasma  of 
the  treated  birds  significantly  exceeded  the  comparative  control  data.  In 
addition,  the  rates  of  disappearance  of  the  labeled  phospholipid  (as  iiidi- 
cated  by  the  slopes  of  these  curves  from  8-20  hours)  was  greater  in  the 
treated  birds  than  in  the  controls.  An  interesting  and  unexpected  observa¬ 
tion  was  that  in  the  treated  group  the  maximum  plasma  value  exceeded 
that  of  the  liver,  though  this  relationship  was  not  seen  in  the  control  curves. 

We  have  calculated  the  plasma  phospholipid  turnover  rates  for  the  four 
groups  according  to  the  method  of  Zilversmit  et  al.  (7)  using  the  rapidly  ris¬ 
ing  linear  phase  of  the  curves  and  assuming  hepatic  phospholipid  to  be  the 
immediate  precursor  of  the  plasma  compotient.  These  results  are  given  in 
Ta))le  1  and  indicate  a  nearly  ten-fold  increase  in  plasma  phospliolipid  turn¬ 
over  rates  in  the  steroid  treatment  groups  when  they  are  compared  with  the 
control. 

Fractionation  of  the  plasma  phospholipids  on  MgO  (Table  2)  sliowed 
that  the  specific  activity  of  the  lecithins  increased  more  rapidly  than  did 
that  of  the  cephalins,  thus  contributing  a  greater  proportion  of  the  plasma 
radioactivity  in  the  first  8  hours.  At  20  hours  the  specific  activity  of  tlie 

Table  2.  Fractionation  of  fooled  plasma  extracts  into 

LECITHINS  AND  CEPHALINS 


Treat  iiieiit 

Control 

F.stradiol  benzoate 


Tiint' 

Plasma  plios])holipid  speeifie  activity' 

(lirs.) 

I.eeitliins 

('ephaliiis 

4 

4.()4X1U-’ 

4.02X10-’ 

8 

14.0  XK)-’ 

0.20X10-’ 

2(1 

(>.(»  XK)-’ 

,  7. 40X10-’ 

4 

21  .0  Xl()-=' 

O.O.tXU)-’ 

8 

33.. 5  Xl()-’ 

10.5  X10-’ 

2(1 

If  .2  XKC’ 

21.5  X10-’ 

*  Speeifie  aetivity  defined  in  Table  1. 
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cephalins  liad  exceeded  that  of  the  lecithins.  The  early  differences  between 
the  specific  activities  of  the  two  fractions  were  more  pronounced  in  the 
steroid  treated  birds  than  in  the  controls, 

DISCUSSION 

The  data  presented  here  indicate  that  the  three  steroids  examined 
had  identical  effects  in  terms  of  increasing  the  plasma  phospholipid  turn¬ 
over  rate,  the  plasma  phospholipid  concentration,  and  the  intensity  of 
hepatic  phospholipid  formation.  In  addition,  an  eciuivalent  increase  in  the 
rate  of  disappearance  of  both  hepatic  and  plasma  phospholipids  was  ob¬ 
served  in  the  treated  animals.  Apparently  these  compounds  modify  hepatic 
phospholipid  metabolism  in  identical  fashions. 

These  re.sults  confirm  the  hypothesis  that  we  advanced  previously  (8), 
namely,  that  .steroids  of  this  type  enhance  the  activity  of  both  the  .synthetic 
and  the  catabolic  systems  associated  with  hepatic  phospholipid  metabo¬ 
lism.  In  the  pre.sent  data  the  steroid-induced  increase  in  turnover  rate 
while  a  steady  state  existed  was  indicative  of  a  stimulation  of  the  incor¬ 
poration  of  into  the  plasma  lipid  as  well  as  an  enhancement  of  the  di.s- 
appearance  of  the  labeled  material  from  the  circulation. 

Of  particular  interest  is  the  ob.servation  that  under  the  influence  of  the 
steroid  plasma  phospholipid  specific  activity  ro.se  to  a  value  greater  than 
that  of  the  liver.  This  might  indicate  either  an  extrahepatic  source  of 
plasma  phospholipid  or  a  phospholipid  moiety  in  liver  of  high  specific  ac¬ 
tivity  that  was  selectively  .secreted  to  the  plasma.  The  po.ssibility  of  an  ex¬ 
trahepatic  source  of  a  highly  reactive  phospholipid  component  .seems 
slight  since  we  have  shown  recently  (8)  the  ineffectiveness  of  SC-()924  to 
modify  the  plasma  phospholipid  specific  activity  in  the  hepatectomized 
chick.  Fractionation  of  the  plasma  phospholipids  indicated  that  in  the 
treated  birds  the  initial  high  specific  activity  found  in  this  lipid  fraction 
was  due  principally  to  the  high  activity  of  the  choline-containing  phospho¬ 
lipids.  It  should  be  recalled  that  the  ratio  of  lecithins  to  cephalitis  found 
in  the  liver  is  1 .03  while  in  the  plasma  it  is  3.70  (9).  From  the.se  facts  we  sug¬ 
gest  that  in  the  birds  treated  with  these  steroids  the  plasma  phospholipid 
specific  activities  ro.se  to  values  higher  than  tho.se  of  the  liver  because  there 
was  an  initial  .selective  release  to  the  plasma  of  a  high  specific  activity  frac¬ 
tion  of  hepatic  lecithins.  Further  work  is  needed  to  clarify  this  problem 
and  substantiate  this  hypothesis. 
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BIOASSAY  OF  INTERSTITIAL  CELL-ST EMULATING 
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The  Hormone  Research  Laboratory  and  the  Department  of  Biochemistry,  University  of 
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AHSTIIAC’T 

Several  factors  that  could  affect  the  assay  for  K’SH  in  the  hj’poph3’sec- 
toinized  male  rat  hj-  the  prostate  t(‘st  have  Ix'en  investigated.  With  respect  to 
route  of  injection,  it  was  found  that  the  hormone  solution  should  be  admin¬ 
istered  subcutaneously  rather  than  intraperitoneally  for  more  quantitative  de¬ 
terminations.  ^loreover,  for  the  assay  of  purified  preparations  of  IC8H,  rats  of 
the  Long-Evans  and  the  Sprague-Dawlev  strains  were  found  to  be  equally 
satisfactory  with  respect  to  consistencj’  and  sensitivit\\  On  the  other  hand,  it 
was  shown  that  whereas  the  administration  of  either  growth  hormone  or 
lactogenic  hormone  concurrently  with  ICSH  had  no  influence  on  the  prostati(* 
response  of  the  l.,ong-Evans  rat  to  the  latter  hormone,  in  the  Sprague-Dawlej’ 
rat  both  of  the  former  hormones  were  complicating  factors  in  the  assa}^  The 
evidence  in  support  of  the  interpretation  that  lactogenic  hormone  intervenes  at 
the  level  of  the  testis  and  that  growth  hormone  intervenes  at  the  level  of  the 
ventral  prostate  as  well  as  of  the  testis  is  discussed. 

STIMULATION  of  the  .sex  acce.ssorie.s  of  the  hypopliy.sectomized  rat, 
inehuling  tlie  ventral  pro.state,  can  he  effected  hy  iioii-goiiadotropic 
hormones  of  the  anterior  pituitary  gland  (1),  and  it  is  to  be  anticipated  that 
these  hormones  could  influence  the  assay  for  interstitial  cell-.stimulating 
hormone  (ICSH)  in  which  the  weiglit  of  the  ventral  prostate  is  u.sed  as  a 
measure  of  the  gonadotropic  activity.  It  is  also  true  that  hypophy.sectomy 
results  in  greater  prostatic  atrophy  than  does  castration  (2)  and  that  treat¬ 
ment  3vith  growth  hormone  restores  the  prostate  of  the  hypophysec- 
tomi  zed-cast  rated  male  to  the  castrate  condition  (1,  3).  Furthermore,  tlie 
administration  of  growth  hormone  to  the  hypophy.sectomized-castrated 
Sprague-Dawley  rat  restores  the  capacity  of  this  animal  to  respond  to 
exogenous  androgen  (3).  On  the  other  hand,  the  hypophysectomized- 
castrated  Long-Evans  rat  responds  fully  to  exogenous  testosterone  and  no 
enhancement  in  the  response  is  ob.served  following  the  administration  of 
growth  hormone  (4).  It  has  also  been  reported  that  lactogenic  hormone 
likewise  influences  the  respon.se  of  the  ventral  prostate  both  to  androgen 
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(5,  6)  and  to  ICSH  (7).  In  our  earlier  studies  it  was  demonstrated  that  lac¬ 
togenic  hormone  is  ineffective  as  a  synergist  when  given  in  combination 
with  testosterone  propionate  (4).  This  communication  is  concerned  with 
factors  that  could  affect  the  assay  of  ICSH  by  means  of  the  prostate  test, 
including  the  effect  of  growth  hormone,  lactogenic  hormone  and  their 
combination,  on  the  assay,  the  influence  of  the  route  of  injection  on  the 
response,  and  the  sensitivity  of  the  Long-Evans  strain  as  compared  to 
the  Sprague-Dawley. 

METHODS 

Hypophysoctomizcd  male  rats  of  the  Lons-Evans  and  Sprague-Dawley  strains  were 
injected  with  ICSH  following  two  different  post-operative  intervals.  In  the  first  series, 
the  animals  were  hypophysectomized  at  21  days  of  age,  and  only  2  days  intervened 
between  the  time  of  operation  and  the  first  injection  of  ICSH.  In  the  second  series,  the 
animals  were  hypophysectomized  at  28  days  of  age  and  the  first  injection  of  ICSH  was 
given  14  days  after  the  operation.  In  every  instance,  the  ICSH  solution  was  injected 
once  daily  for  a  period  of  4  days  and  the  rats  were  .sacrificed  24  hrs.  after  the  last  injec¬ 
tion.  The  growth  and  lactogenic  hormones  were  given  subcutaneously,  once  daily,  either 
during  the  entire  postoperative  period  or  throughout  onlj'  a  i)art  of  it.  At  autopsv’,  the 
ventral  prostate,  seminal  vesicles  and  right  testis  were  removed  and  weighed. 

The  ICSH  was  isolated  from  sheep  pituitary  glands  by  the  new  procedure  recently 
described  (8);  the  “C”  material  is  a  partially-purified  preparation  used  as  a  standard  in 
our  laboratory  and  the  “F”  material  is  a  highly  i)urified  jjreparation  that  is  free  from 
any  detectable  contamination  and  displays  a  high  degree  of  molecular  homogeneity. 
The  lactogenic  hormone  was  also  prepared  from  sheep  pituitaries  (9)  and  the  growth 
hormone  was  prepared  from  bovine  pituitaries  (10). 

RESULTS 

E_lfect  of  Injection  Route.  IC8II  was  injected  either  intraperitoneally  or 
subcutaneously  into  21-day  old  hypophy.sectomized  male  rats;  the  results 
are  summarized  in  Table  1.  From  the  data  it  is  apparent  that  ICSH,  when 
administered  intraperitoneally,  is  effectiv’e  at  lower  dose  levels  than  when 
it  is  administered  subcut aneou.sly.  For  example,  a  total  dose  of  0.010  mg. 
produced  a  ventral  prostate  weight  of  14.2  mg.  when  injected  by  the 
former  route,  whereas  by  the  latter  route  0.015  mg.  was  required  to  effect 
a  similar  increa.se.  On  the  other  hand,  no  difference  in  response  was  evident 
with  dose  levels  of  0.025,  0.030,  and  0.060  mg.  Mathematical  analysis  of 
the  re.sults  obtained  with  the  four  dose  lev'els  tested  revealed  that  the  slope 
for  the  regression  line  was  7.9  for  the  intraperitoneal  and  12.4  for  the  .sub¬ 
cutaneous  route,  and  that  the  calculated  indices  of  preci.sion  (X)  were  0.51 
and  0.19,  respectively.  Increases  in  the  weights  of  the  testes  clo.sely  par¬ 
alleled  the  increa.ses  observed  in  the  ventral  prostate  at  the  dose  levels  that 
ordinarily  would  be  selected  for  assay;  on  the  other  hand,  the  seminal 
vesicles  were  quite  unresponsive  and  no  significant  increa.se  in  their  weight 
was  observed  at  a  dose  level  300  times  the  level  that  effected  a  50%  in¬ 
crease  in  the  weight  of  the  ventral  prostate. 
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Table  1.  The  influenc  e  of  the  route  of  injection  on  the  prostatic'  response 

OF  THE  HYPOPHYSEC’TOMIZED*  LONG-EVANS  RAT  TO  K'SH 


Route  of  Total 

injection  !  close 

No.  of 
rats 

Rocly  weight 

Organ  we 

gilts 

Onset 

Au¬ 

topsy 

Ventral 

pro.state 

Right 

testis 

IDg. 

gm. 

gm. 

mg. 

mg. 

1  0 

8 

45 

47 

7.0+0.3t 

00  +3 

Intrajieritoneal  0.010 

7 

40 

52 

14.2  +  1.5 

70  +  .5 

0.01.') 

8 

47 

51 

10.7  ±2.4 

82  +  3 

0.02.') 

0 

47 

51 

10.8+0.0 

81  +5 

0.030 

0 

45 

40 

20.3+2.3 

84  +  5 

,  O.OOO. 

0 

51 

54 

20.0+0.7 

07  +  5 

.Subcutaneous  0.010 

7 

52 

54 

11  .0±0.5 

78±3 

0.01.5 

7 

47 

51 

15.3  +  1.2 

85  +  0 

0.025 

0 

52 

55 

10.8+0.4 

04+8 

0.030 

8 

44 

48 

18.7±0.8 

83  ±3 

0.000 

0 

50 

52 

21.3±1.2 

00  ±  0 

*  AH  animals  were*  hypophysc'c-tomizc'cl  at  21  clays  of  age  and  antopsied  at  27  days.  Single 
daily  injections  of  fraedion  “C”  were  given  for  a  period  of  4  days,  beginning  at  23  clays  of  age. 
t  Mean  ±  standard  error. 


Ejfect  of  Animal  Strain.  A  comparison  was  also  made  between  prostatic 
responses  in  the  Long-Evans  and  tlie  Sprague-Dawley  strains.  As  can  lie 
seen  from  Table  2,  similar  increases  in  the  weight  of  the  ventral  pro.state 
above  that  of  the  controls  were  obtained  with  total  do.se  levels  of  0.001, 
0.010  and  0.000  mg.  of  ICSH  injected  intraperitoneally.  When  the  slopes 
of  the  dose  response  curves  in  the  two  strains  were  calculated,  a  value  of 
9.0  was  obtained  for  the  Long-Evans  .strain  and  a  value  of  8.2  for  the 
Sprague-Dawley  strain,  with  a  .slightly  smaller  deviation  about  the  regre.s- 
sion  line  in  the  latter  ca.se  (X  =  0.o6  and  0.47,  respectively). 

EJfect  of  Growth  Hormones  and  Lactogenic  Hormone.  From  the  data  sum¬ 
marized  in  Tables  3,  4  and  5,  it  is  evident  that  the  administration  of  a 
daily  dose  of  0.035  mg.  of  lactogenic  hormone  did  not  influence  either  tlie 


TaIiLE  2.  .\S8AY  OF  ICSH  BY  THE  PROSTATE  TEST  IN  HYPOPHYSECTOMIZED*  MALE  RATS 
OF  THE  LONG-EVANS  AND  SPRAGUE-DAW  LEY  STRAINS 


Total 

dose* 

No.  of 
rats 

Body  weight  j 

Organ  weights 

.Strain 

( Inset 

Au¬ 
topsy  1 

Ventral 
prostate  j 

Seminal 
vesicles  ' 

Right 

testis 

nig.  i 

(?ni.  1 

gm. 

1  nig.  1 

nig.  ! 

mg. 

I.ong-l*’.vans 

0  1 

5 

50 

55 

I  8.5±0.0t  ! 

7.4±0.8 

00  +  3 

0.001 

5 

48 

55 

;  13.0  +  1.0  1 

0.0+0. 4  1 

70  +0 

i  0.010 

8 

50 

20.1+2.0  I 

7.2±0.4  1 

84+8 

,  0.000 

8 

!  52 

1  50 

30.0  ±2.3  i 

0.2±0.0  j 

100  +  7 

0.300 

7 

51 

.  57 

20.0+3.1 

8. 4+0. 8 

114+8 

Sprague*- 

0 

I  « 

44 

!  42 

0.7±0.7 

7.1±0.3  ! 

71  +4 

Dawlev 

0.001 

'  8 

44 

1  41 

0.0 +  1.0  i 

7. 0+0. 5  1 

75  ±5 

0.010 

i  8 

i  45 

:  18.4  +  1.2 

0.0 +0.0 

08+5 

0.000 

i  43 

1 

1  42 

i  24.5±1.7  ' 

8. 1+0.0  ' 

02  ±4 

•  All  animals  wc>re  hypophysc'ctomizc'd  at  21  days  of  age*  and  antopsied  at  27  clays.  Single 
daily  injections  of  fraction  “C”  were  given  intraperitoneally  for  a  period  of  4  days,  beginning 
at  23  days  of  age. 

t  Mean  ±  standard  error. 
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Table  3.  Effect  of  ciRowTH  hormone  and  lactocjenic  hormone  on  the  assay  of 
ICSH  BY  THE  PROSTATE  TEST  IN  MALE  RATS  HYPOPH YSECTOMIZED  AT  21  DAYS* 


1  1 

"  1 

No. 

Body  weights 

Organ  W( 

eights 

Strain  Treatment 

dose 

of 

rats 

1 

Onset 

Au¬ 

topsy 

Ventral  ! 
prostate  | 

Right 

testis 

mg. 

Km.  . 

gm. 

mg. 

mg. 

Long-Evans  Saline 

0 

8 

45 

47 

7.0±0.3t 

00  ±  3 

K'SH,  “F”  Fraeticm 

O.OOO.o 

8 

51 

54 

12.8±0.8  ! 

84  ±  7 

K’SH,  Fraction 

O.Ol)"} 

0 

48 

52 

18.7±1  .3  j 

03  ±  7 

(irowth  Hormone 

0.(t3'> 

8 

55 

.5!t 

10.!»±0.(i 

82+  5 

Lactogenic  Hormone 

0.03r> 

8 

51 

5(i 

7.0±0.4  1 

04+  3 

K'SH,  “F”  Fra<'tion 

OtlOO') 

8 

51 

55 

13.0  4-1  .2  : 

82+  5 

+ 

-1- 

i 

(Irowth  Hormone 

0.03.1 

K’SH,  Fraction 

O.OO.i 

0 

40 

57 

21.34-2.2  , 

05+  4 

1 

!  (Irowth  Hormone 

0.035 

K’SH,  “F”  Fraction 

0.0005 

8 

50 

53 

13.0  4-1  .4  i 

!»()  +  10 

Lactogenic  Hormoin* 

0.035 

K’SH,  “(’”  Fraction 

0.005 

0 

4!» 

54 

10.04-2.8  ' 

100+  8 

+ 

Lactogenic  Hormone 

0.035 

'  K’SH,  “F”  Fraction 

0.0005 

8 

54 

.50 

15.84-1  .0 

88+  5 

+ 

+ 

(Irowth  Hormone 

0.035 

+ 

-1- 

Lactogenic  Hormone 

0.035 

K’SH,  “(’”  Fraction 

0.005 

7 

.50 

54 

10.74-2.4 

103  +  11 

+ 

-1- 

(irowth  Hormone 

0.002 

+ 

j  Lactogenic  Hormone 

0.002 

K’SH,  “C”  Fraction 

0.005 

(i 

40 

57 

'  10.84-2.0 

!  101  +11 

1  + 

"i" 

1  (Irowth  Hormone 

0.035 

i  + 

+ 

i  Lactogenic  Hormone 

0.035 

i 

1 

Sprague-  ^  SaliTie 

0 

(> 

44 

42 

i  0.7  4-0.7 

71+4 

Dawlev 

1 

K’SH,  “(’”  h'raction 

0.005 

7 

40 

54 

15.1+0.0 

j  108  +  10 

(Irowth  Hormone 

:  0.002 

8 

.50 

58 

'  8.7±0.0 

i  03  +  11 

Lactogenic  Hormone 

!  0.002 

8 

1  50 

55 

1  8.3±0.0 

00±  10 

ICSH,  “C”  Fraction 

0.005 

7 

40 

58 

22.3±1.9 

138  +  12 

4- 

4- 

1  (Irowth  Hormone 

:  0.002 

' 

1 

*  Single  daily  injections  were  given  for  a  period  of  4  days  beginning  at  23  days  of  age 
with  autopsy  at  27  days.  All  hormones  were  administered  siibcntaneously. 
t  Mean  ±  standard  error. 
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(lose  * 

ruts 

Body  weight.'*  i  Organ  w 

■iglits 

Strain 

TroatnKMit 

1  .\u-  Ventral 

t inset  I  ])rostate 

Right 

testis 

ICSH,  “C”  Fraction 

0.005  7 

55  04  20.3±0.tl 

130  ±  8 

+ 

-4- 

(Jrowth  Hormone 

0.035  ^ 

1  1 

ICSH,  “C”  I'raction 

0.005  8 

.50  i  .55  10.7-1-1.0 

120±11 

+ 

+ 

'  ' 

Lactogenic  Hormone 

0.002  1 

:  1 

K'SH,  “C”  Fraction 

0.005  8 

.57  1  t>2  !  24.2-1-0.7 

1.50-1-14 

1 

Lactogenic  Hormone 

0.035  1 

i 

ICSH,  Fraction 

0.005  7 

.50  '  05  24 . 1  ±  2 . 1 

103  +  18 

+ 

+  1 

(Irowth  Hormone 

0.002 

■  ■  1 

, 

*t“ 

-f 

'  Lactogenic  Hormone 

0.002 

prostatic  or  the  testicular  response  of  tlie  hypophysectomized  Lons-Evaiis 
rat  to  exogenous  ICSII.  Neither  did  growth  hormone  when  administered 
together  with  ICSH  to  animals  tliat  were  hypophysectomized  at  21  days 
of  age  and  submitted  to  hormonal  treatment  2  days  later.  On  tlie  other 
hand,  growth  hormone  when  administered  in  a  daily  dose  of  O.lOO  mg.  from 
the  day  following  hypophysectomy  to  the  time  of  autopsy  18  days  later, 
did  affect  the  weights  of  both  organs;  comparable  results  were  obtained 
when  the  injections  were  begun  7  days  after  hypophysectomy  and  con¬ 
tinued  for  a  period  of  11  days  (Table  o).  At  best,  the  increases  in  the 
weights  of  the  organs  represent  an  additive  effect  on  the  part  of  the  growth 
hormone  and  the  ICSH,  and  there  is  no  indication  of  any  .synergism  be¬ 
tween  the  two. 

In- contrast  to  the  Long-Evans  strain,  animals  of  the  Sprague-Dawley 
strain  showed  an  enhancement  in  their  prostatic  respon.se  to  ICSH  when 
either  growth  hormone  or  lactogenic  hormone  was  administered  along 
with  the  ICSH.  Thi.s  was  especially  evident  in  the  rats  hypophy.sectomized 
at  21  days  of  age  and  injected  with  ICSH  2  days  post  operatively.  As  can 
be  .seen  from  Table  3,  the  weight  of  the  ventral  prostate  was  significantly 
larger  in  the  animals  injected  with  0.002  mg.  of  either  lactogenic  hormone 
or  growth  hormone  plus  O.OOo  mg.  of  ICSH  than  in  the  animals  injected 
with  O.OOo  mg.  of  ICSH  alone;  a  similar  enhancement  was  evident  in  the 
testicular  response.  However,  different  re.sults  were  obtained  with  lacto¬ 
genic  hormone  and  growth  hormone  when  the  rats  were  hypophysec¬ 
tomized  at  28  days  of  age  and  when  the  injections  of  ICSH  were  not 
begun  until  14  days  after  the  operation.  Under  the.se  conditions,  the  ani¬ 
mals  hypophysectomized  at  28  days  of  age  and  treated  with  a  daily  dose 
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TaBLK  4.  EkKECT  OK  MAIXTENAXCE  TREATMEXT  with  (iROWTH  HORMOXE  OR  liACTOIiEXK’ 
HORMOXE  OX  THE  I’ROSTATIC  RESPOXSE  OF  THE  H YPOPHYSECTOMIZED  MALE  RAT*  TO  K'SH 


. .  ! 

No. 

Body  weights 

Organ  weights 

Strain 

Treatment 

dose 

of 

rats  ■ 

On¬ 

set 

Au- 
t  ojjsy 

Ventral 

prostate 

Seminal  ; 
vesicles 

Right 

testis 

gm. 

gm. 

mg. 

nig.  ! 

mg. 

bong-  , 

Saline  j 

0 

0 

80 

01 

8.4  ±0..5t 

0.4  ±0.0  ; 

85  ±4 

i 

Evans  | 

K'SH,“F” 

Fraction 

0.02.T  1 

1 

1 

(i  1 

7(t  i 

88 

8.0±0.0 

7.0±0.3  ; 

'.»3  ±  0 

' 

ICSH, “F” 
Fraction 

(1.07")  j 

0  ' 

88  ! 

1 

01 

1 1  .7  ±0.7 

11  .8±1  .0  ' 

124  ±4 

ICSH,“F”' 

FTaction 

0.2.50  ' 

0  1 

74 

85 

0.5  ±0.4 

i(».o±().o  ; 

1 

107  ±8 

(Jrowth 

Hormone 

0.100 

0 

81 

112 

11  .5  ±0.5 

10.2±0..5  ^ 

101  ±8 

Lactogenic 

Hormone 

0.100 

5 

81 

00 

7.2±0.0 

8.04  ±0.3 

70  ±0 

ICSH 

-F 

Orowth 

Hormone 

0.02.5 

“F 

0.100 

0 

81 

110 

I3.0±l  .1 

12.0  ±1  .3 

118±0 

ICSH 

+ 

(Irowth 

Hormone 

0.075 

0.100 

0 

7(> 

118 

13.0±0.7 

14.4±1.1 

123±8 

ICSH 

+ 

(Irowth 

Hormone 

0.2.50 

-F 

0.100 

77 

11.5 

13.0±1  .3 

15.3±2.2 

143±10 

ICSH 

-F 

Lactogenic 

Hormone 

0.025 

+ 

100 

5 

80 

02 

10.5±0.7 

0.0  ±1.1 

100  ±8 

ICSH 

+ 

Lactogenic 
'  Hormone 

0.2.50 

“F 

0.100 

0 

70 

85 

i 

1 

10.2  ± 1 .0 

8.8±0.0 

1 

111  ±8 

i 

Sprague- 

'  Saline 

1 

8 

8t» 

'  83 

7.8±0.5 

'  10.2±0.7 

1  114±  0.0 

Daw  ley 

1  ICSH,“F” 
Fraction 

0.075 

0 

i  88 

1  83 

:  0.8±0.7 

13.5±2.1 

!  147±10.8 

1  (Irowth 
j  Hormone 

0.010 

5 

i  80 

87 

8.2±0.2 

,  10.0±().7 

110±  5.2 

(Irowth 
'  Hormone 

i  0.100 

8 

1  01 

114 

18.0  ±  1  .0 

13.7  ±0.0 

!  171  ±  13.3 

Lactogenic 

Hormone 

:  0.100 

7 

'  80 

'  83 

8.0  ±0.5 

'  10.4±1 .1 

j  105  ±  0.0 

*  Animals  were  hypophysectomized  at  28  days  and  saerifieed  at  47  days  of  age.  CJrowth 
hormone  and  lactogenic  hormone  were  injected  once  daily,  subcutaneously,  throughout  the 
post-operative  interval,  and  ICSH  was  injected  once  daily,  beginning  at  43  days  of  age. 
t  Mean  ±  standard  error. 
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Tabi.k  i.  -  Continued 


Treatment  1 

Daily  , 
tlose  1 

No. 

Body  weight.^ 

Organ  weights 

of  . 
rat.**  ' 

On¬ 
set  : 

Au¬ 

topsy 

Ventral  ' 
prostate 

Seminal 

vesicles 

Right 

testis 

ICSH, “F” 
Fraction 
+ 

(irowth 

Hormone 

U.d?') 

+ 

O.OlO 

0 

!»7 

07 

i 

i3..5±o..5  ; 

17.3±2.1 

150  ±13.7 

K'SH,  “F” 
Fraction 
+ 

Cirowth 

Hor  mone 

0.07.5 

+ 

0.100 

10 

01 

118 

30.3±2.7 

34.1  ±3.0 

247  ±13.7 

ICSH, “F” 
Fraction 
+ 

I/actonenic 

Hormone 

0.07,5 

+ 

0.100 

02 

80 

12.4  ±0.5 

13.5±0.8 

151  ±  0.7 

ICSH,“F” 

Fraction 

+ 

Cirowth 

Hormone 

+ 

Lactogenic 

Hormone 

0.07.5 

+ 

0.100 

+ 

0.100 

10 

0.5 

117 

i 

1 

1 

51.1  ±5.0 

30.1  ±3.0 

200  ±10.2 

ICSH, “F” 
Fraction 
+ 

Cirowth 

0.075 

'  o.mo 

i  « 

t)0 

i 

1 

00 

i 

13.1  ±0.5 

j 

18.3±  1  .4 

^  100  ±11. 8 

HormoiH't 

J  This  group  was  treated  differently  from  the  other  groups  in  that  growth  hormone  as 
well  as  ICSH  was  withheld  until  day  43. 


of  0.100  mg.  of  lactogenic  liormone  from  the  time  of  operation  to  autopsy 
were  only  slightly  more  responsive  to  ICSH  than  were  the  non-maintained 
controls  (Table  4).  If  the  group  maintained  with  lactogenic  hormone  is 
compared  to  a  similar  group  given  growth  hormone  throughout  the  post¬ 
operative  period,  it  is  apparent  that  growth  hormone  was  considerably 
more  effectiv'e  than  lactogenic  hormone  in  enhancing  the  pro.static  re¬ 
sponse;  in  fact,  growth  hormone  administered  at  a  daily  dose  of  0.100  mg. 
for  18  days  promoted  a  greater  increase  in  the  weight  of  the  ventral  pros¬ 
tate  than  did  0.075  mg.  of  ICSH  injected  from  day  15  through  day  18.  On 
the  other  hand,  only  in  the  presence  of  exogenous  or  endogenous  growth 
hormone  was  lactogenic  hormone  capable  of  exerting  a  significant  influ¬ 
ence  on  the  results. 


DISCUSSION’ 

In  our  experience,  the  hypophysectomized  male  rat  of  the  Long-Evans 
strain  has  been  a  satisfactory  animal  for  assaying  preparations  of  ICSH 
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Table  5.  Kffect  of  primino  treatment  with  crowth  hormone  or  lactooenic  hormone 

ON  THE  PROSTATIC  RESPONSE  OF  THE  HYPOPH YSECTOMIZED  LON(i-EVANS  RAT*  TO  IC8H 


No. 

Body 

veight 

Organ  weights 

Treatment 

dose 

of 

rats 

On¬ 

set 

Au¬ 

topsy 

Ventral 

prostate 

Seminal 

vesicles 

Right 

testis 

mg. 

gm. 

gm. 

mg. 

mg. 

mg. 

Saline 

0 

0 

80 

01 

8.4±0.5t 

0.4  ±0.0 

8514 

irsH 

().()25 

0 

70 

88 

8.0  ±0.0 

7.010.3 

0310 

K'SH 

0.075 

0 

88 

01 

11  .7±0.7 

11  .811  .0 

12417 

Growth  Hormone 

0.100 

0 

88 

no 

11.2+0.0 

12.011  .0 

10018 

Laetogi'iiic  Hormone 

0.035 

0 

80 

04 

8.010.4 

8.510.3 

01  ±2 

Lactogenic  Hormone 

0 . 1 75 

5 

75 

85 

7.1  ±0.3 

7.510.5 

8013 

ICSH 

+ 

Growth  Hormone 

0.025 

+ 

0.100 

0 

72 

9.8  ±0.9 

11  .711  .2 

8017 

ICSH 

Growth  Hormone 

0.075 

+ 

0.100 

0 

75 

05 

10.5  +  1.3 

0.711.3 

10010 

ICSH 

+ 

Lactogenic  Hormone 

0.075 

+ 

0.035 

0 

72 

73 

7.410.4 

8.1  ±0.0 

8010 

K'SH 

+ 

Lactogenic  Hormone 

0.075 

+ 

0 . 1 75 

0 

73 

83 

8.010.8 

7.210.5 

00  1 7 

IC.SH 

+ 

(irowth  Hormone 
+ 

Lactogenic  Hormone 

0.025 

+ 

0.100 

+ 

0.035 

(i 

71 

00 

0.310.5 

8.810.0 

0210 

ICSH 

0.075 

4 

72 

01 

8.710.8 

8.010.7 

0618 

+  + 


(Irowth  Hormone  O.IOO  j  I  ! 

+  _  ,  +  '  I 

I.actoKenie  Hormone  |  0.035  ^  I 

*  .\nimals  were  hypophyseetomized  at  28  days  and  sacrificed  at  47  days  of  age.  Growth 
hormone  and  lactogenic  hormone  were  injected  once  daily,  subeutaneously,  beginning  at  35 
days  of  age;  ICSH  “F”  fraction  was  injected  once  daily,  intraperitoneally,  beginning  at  43 
days  of  age. 

t  Mean  ±  standard  error. 


when  the  weight  of  the  ventral  prostate  is  used  as  a  measure  of  the  activity’ 
and  the  response  is  represented  as  a  logarithmic  function  of  the  dose.  Rou¬ 
tinely,  the  regimen  recommended  by  Greep,  et  al.  (11)  has  been  followed; 
i.e.,  the  animals  are  hypophyseetomized  at  21  days  of  age  and  the  hormone 
solution  is  injected  once  daily  beginning  at  23  days,  for  a  period  of  4  days. 
For  more  quantitative  results,  the  solutions  should  be  injected  .subcutane¬ 
ously  rather  than  intraperitoneally.  Although  the  hormone  is  effective  at  a 
lower  dose  level  when  injected  intraperitoneally  rather  than  subcutane¬ 
ously,  in  this  test  as  well  as  in  the  histological  test  that  uses  repair  of  the 
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interstitial  tissue  of  the  ovary  as  a  criterion  (12),  this  is  not  a  serious  con¬ 
sideration.  The  sensitivity  of  the  assay  is  such  that  a  total  dose  level  of 
from  0.010  to  0.000  mg.  is  sufficient  for  assay  purposes  when  the  subcutane¬ 
ous  route  is  employed.  As  reported  previously  (12),  the  seminal  vesicles  of 
the  Long-Evans  rat  are  quite  unresponsive  to  the  hormone  and  are  there¬ 
fore  of  little  use  for  assaying  ICSH;  at  a  dose  level  300  times  that  reciuired 
to  effect  a  50%  increase  in  the  weight  of  the  ventral  prostate,  no  increase  in 
the  weight  of  the  seminal  vesicles  was  observed.  No  differences  between 
rats  of  the  Long-Evans  and  the  8prague-Dawley  strains  were  observed 
with  respect  to  the  responsiveness  of  either  the  ventral  prostate  and  testis 
or  the  seminal  vesicles. 

Whereas  hypophysectomized  rats  of  either  strain  would  be  equally  satis¬ 
factory  for  the  assay  of  purified  ICSH,  those  of  the  Long-Evans  strain 
would  seem  to  be  better  suited  for  testing  crude  preparations  that  might 
contain  growth  hormone  or  lactogenic  hormone.  Neither  growth  hormone, 
lactogenic  hormone,  nor  combinations  of  the  two  alter  the  prostatic  re- 
spon.se  of  the  Long-Evans  rat  to  exogenous  ICSH.  Similarly,  no  effect  was 
observed  previously  when  the.se  hormones  were  administered  together  with 
testosterone  propionate  to  the  hypophy.sectomized-castrated  animal  (4), 
and  it  may  be  concluded  that  growth  hormone  and  lactogenic  hormone  do 
not  influence  the  assay  for  ICSH  in  the  hypophy.sectomized  Long-Evans 
rat  by  means  of  the  prostatic  method,  by  intervening  at  the  level  of  either 
the  testis  or  the  ventral  prostate.  Finally,  it  should  be  added  that  follicle- 
stimulating  hormone  (FSH)  likewi.se  does  not  affect  the  a.s.say  (13). 

In  the  hypophysectomized  Sprague-Dawley  rat,  on  the  other  hand,  the 
prostatic  response  may  not  be  a  valid  measure  of  the  ICSH  activity  if 
growth  hormone  or  lactogenic  hormone  is  present  in  the  sample  to  be 
tested.  Since  as  little  as  0.002  mg.  of  either  of  the  latter  hormones  injected 
once  daily  along  with  the  ICSH  effected  a  significant  enhancement  of  the 
respon.se  of  the  animal  hypophy.sectomized  at  21  days  and  since  this  en¬ 
hancement  repre.sents  a  200-300%  increase  in  the  estimate  for  the  gonado¬ 
tropin  activity,  it  is  evident  that  assays  carried  out  with  crude  preparations 
will  provide  a  questionable  measure  of  the  ICSH  actually  pre.sent.  Hence, 
as  mentioned  above,  the  Sprague-Dawley  rat  is  not  as  useful  as  the  Long- 
Evans  rat  for  the  quantitative  a.s.say  of  ICSH  activity  by  the  prostate  test. 

The  results  obtained  in  the  Sprague-Dawley  strain  with  lactogenic  hor¬ 
mone  and  ICSH  confirm  those  published  earlier  by  Segaloff,  et  al.  (7). 
Furthermore,  the  fact  that  we  have  not  been  able  to  detect  any  synergism 
between  exogenous  testosterone  propionate  and  lactogenic  hormone  with 
respect  to  the  sex  accessories  in  the  hypophysectomized-castrated  animal 
(4,  14)  suggests  that  lactogenic  hormone  probably  influences  the  assay  by 
its  effect  on  the  testis  when  administered  together  with  ICSH.  There  is  dis¬ 
agreement  as  to  whether  or  not  growth  hormone  also  acts  synergist ically 
with  ICSH.  In  order  to  explain  the  effects  that  he  obtained  in  his  inv'estiga- 
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tionis,  Segaloff  has  suggested  that  the  enhancement  effected  by  growtli  hor¬ 
mone  preparations  can  probably  be  attributed  to  the  lactogenic  con¬ 
taminant  present  in  the  preparations  (7).  The  results  reported  here  cannot 
be  interpreted  in  this  way.  First  of  all,  growth  hormone  was  in  every  in¬ 
stance  more  effective  than  lactogenic  hormone  in  enhancing  the  prostatic 
response  to  ICSH  and,  secondly,  only  in  combination  with  growth  hor¬ 
mone  did  lactogenic  hormone  exert  a  significant  influence  on  the  results 
when  an  interim  of  14  days  had  elapsed  prior  to  the  first  injection  of 
ICSH.  Thus,  it  has  again  been  demonstrated  that  the  administration  of 
growth  hormone  permits  the  hypophysectomized  animal  to  respond  more 
effectively  to  another  exogenous  hormone  (1,  4).  Furthermore,  in  view  of 
the  fact  that  the  prostatic  response  to  exogenous  testosterone  is  enhanced 
when  growth  hormone  is  administered  in  conjunction  with  the  androgen, 
we  believe  that  growth  hormone  itself  does  affect  the  assay  for  ICSH  and 
that  it  probably  intervenes  at  the  level  of  both  the  ventral  prostate  and 
the  testis.  The  effects  of  ICSH,  growth  hormone  and  lactogenic  hormone 
when  administered  alone  and  in  combination  are  consistent  with  the  inter¬ 
pretation  that  has  lieen  advanced. 
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C}*  LABELED  BACTERIAL  POLYSACCHARIDE  AND 
ADRENAL  CX)RTICAL  FUNCTION  IN  THE 
GUINEA  PIG‘  2 

RUSSELL  S.  JONES,  YOLANDE  C.  MAYNE 
AND  KRISTEN  EIK-NES 
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AUSTRACT 

Tho  ir-hj’droxycorticosteroids  in  plasma  and  bile  and  the  ascorliic  acid 
content  of  the  adrenal  have  been  studied  following  the  administration  of 
bacterial  poly  saccharide  to  the  guinea  pig.  A  single  intravenous  injc'ction  of  the 
polysaccharide  complex  from  K.  pneumoniae  evokes  an  elev'ation  in  the  free 
17-OnC'S  of  plasma  and  bile  which  lasts  6  to  12  hours.  The  17-()H(’S  response* 
varies  directly  with  the  quantity  of  polysaccharide.  The  ascorbic  acid  content  of 
the  adn'iial  is  decreased  for  a  longer  period  of  time,  .\fter  several  daily  injections 
of  polysaccharide  the  adrenal  ascorbic  acid  does  not  return  to  control  range  for 
s('veral  days. 

The  increased  adrenal  17-hydroxysteroidogenesis  following  the  injection  t)f 
a  large  amount  of  polysaccharide  declines  while  there  is  abundant  polysaccha¬ 
ride  in  the  plasma  and  while  the  adrenal  is  capable  of  responding  to  .\CTH. 

The  presence  of  bacterial  polysaccharide  in  plasma  when  the  plasma  17- 
OHCS  have  returned  to  normal  range  is  discussed  in  relation  to  the  pathologic 
effects  of  the  bacterial  polysaccharidt's. 

PREVIOUS  studie.s  have  shown  that  the  highest  tissue  concentration 
of  after  the  injection  of  labeled  poly.saccharide  complexes  from  K. 
pneumoniae  is  in  the  adrenal  cortex  (1,  2).  The  remains  for  at  least  two 
months  in  this  organ  (1).  Some  of  the  labeled  material  in  the  adrenal  re¬ 
tains  the  haptenic  qualities  of  the  original  polysaccharide  (2),  hut  the  exact 
chemical  nature  of  all  the  moieties  in  the  adrenal  is  not  yet  known. 
Pretreatment  hy  daily  injections  of  corti.sone  markedly  reduces  the  uptake 
of  from  the  labeled  poly.saccharide  complex  (3).  This  itdiihitory  effect 
of  cortisone,  however,  is  abolished  by  concomitant  pretreatment  with 
ACTH  (3).  Such  observations  suggest  that  the  uptake  of  from  labeled 
polysaccharide  may  be  related  to  adrenal  steroidogenesis. 

In  the  present  inve.stigation  the  effects  of  K.  pneumoniae  polysaccharide 
upon  adrenocortical  function  are  explored  by  means  of  the  adrenal  ascorbic 
acid  content  and  the  concentration  of  1 7-hydroxycorticosteroids  (17- 
01  ICS)  in  plasma  and  bile  of  the  guinea  pig.  Four  major  aspects  are  in- 

'  Pre.sviitcd,  in  part,  before  the  .Vmeriean  .\ssociatiou  f»f  Pathologists  and  Hac- 
teriologists,  Cincinnati,  Ohio,  .\pril,  1956. 

*  This  investigation  was  supported,  in  part,  by  research  grants  (H-18r2,  C-287()  and 
A-29)  from  the  National  Heart  Institute,  National  Cancer  Institute  and  National 
Institute  of  .\rthritis  and  Metabolism,  U.  S.  Public  Health  Service. 
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vestigated:  a)  tlie  relation  of  adrenal  ascorbic  acid  content  to  the  concen¬ 
tration  of  17-()HCS  in  plasma,  b)  the  rapidity  and  duration  of  plasma  17- 
OHCS  elevation  after  the  injection  of  different  quantities  of  polysaccharide 
and  of  polysaccharide-containing  plasma  transfused  from  other  animals, 

c)  the  clearance  from  plasma  of  various  quantities  of  polysaccharide  and 

d)  the  effect  of  pretreatment  with  polysaccharide  on  the  plasma  17-OHCS 
response  to  subsequent  injection  of  ACTH  or  of  polysaccharide. 

These  studies  were  done  in  order  to  evaluate  whether  the  presence  of 
metabolites  from  bacterial  polysaccharides  affects  the  function  of  the 
adrenal  cortex. 

METHODS  .\XD  MATERIALS 

(luiiica  pigs  weigliing  200  to  2.50  gni.  at  tho  initiation  of  the  oxi)oriinent  were  fe<l 
Purina  Kahhit  Pellets  and  a  daily  supi)lenient  of  cabbage.  The  preparation  of  non-lethal, 
hai)tenic  polysaccharide-complex  used  in  these  exjjeriments  has  been  described  in 
I)revious  publications  (4,  .5).  I’nlabeh'd  and  labeled  (2)  bacterial  polysaccharide  were 
l)re])arcd  as  a  1%  solution  in  O.S.5%  sodium  chloride,  autoclaved,  and  introduced  into 
the  transilluminated  (*ar  vein.  Determination  of  in  ])lasma  was  carried  out  as  pn*- 
viously  described  (2). 

17-()HCS  were  determined  by  the  technique  of  Eik-Xes  (0)  and  ascorbic  acid  by  the 
method  of  Roe  and  Kuether  (7).  When  normal  guinea  i)igs  were  anesthetized  in  a 
saturated  ether  atmosphere,  the  plasma  17-OHCS  values  were  found  to  be  higher  than 
when  the  animals  were  sacrificed  and  blood  removed  by  cardiac  puncture.  Several 
methods  were  used  to  sacrifice  the  animals:  a)  cranial  blow,  b)  cranial  blow  with  im¬ 
mediate  clamping  of  the  cervical  area,  and  c)  cervical  clamping.  The  latter  procedure 
consistently  gave  the  narrowest  range  of  17-()HCS  in  normal  animals  and  was  used 
thereafter. 

.Vuimals  were  sacrificed  at  various  intervals  after  the  intravenous  injection  of  the 
polysaccharide.  The  blood,  drawn  from  the  heart  into  a  syringe  containing  heparin, 
was  immediately  centrifuged  and  the  plasma  removed,  .\utopsies  were  performed  at 
once.  Rile,  if  present,  was  aspirated  from  the  gall  bladder.  portion  of  the  adrenal  was 
detached,  weighed  and  used  for  the  determination  of  ascorbic  acid  content. 

Intravenous  injections  of  the  polysaccharide  (1  mg.  100  gm.  body  weight)  were 
given  daily  for  1,  2,  3,  and  5  days  and  the  17-OHCS  and  adrenal  ascorbic  acid  were  de¬ 
termined  at  various  intervals  after  the  last  injection  of  polysaccharide. 

(Juinea  i)igs  were  given  C'^  labeled  polysaccharide  (2  mg.,  100  gm.)  and  sacrificed 
1,  3,  and  6  hours  later.  The  amount  of  polysaccharide  in  the  i)lasma  samples  was  es¬ 
timated  by  its  C*^  concentration.  The  pooled  plasma  from  each  interval  was  injected 
intravenously  in  0..5  ml.  quantities  into  normal  guinea  pigs.  Plasma  17-OHCS  were 
determim'd  in  the.se  animals  at  various  periods  after  the  administration  of  the  plasma 
containing  the  radioactive  polysaccharide.  Control  animals  were  given  normal  pooled 
plasma  in  a  similar  fashion. 

Thirty  animals  were  given  the  bacterial  polysaccharide  intravenously  (1  mg./ 100  gm. 
body  weight)  and  6,  9  and  12  hours  afterwards  these  animals  received  intravenous 
.\('TH  (0.5  I.U.,  100  gm.). 

RESULTS 

Plasma  17-Hydroxycorticostcroids  in  Control  Animals 

The  clamping  of  the  cervical  area  gave  the  lowest  and  most  consistent 
values  of  17-OHCS  in  plasma.  The  guinea  pigs  were  handled  gently  at  all 
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times  prior  to  sacrifice.  The  clamping  procedure  was  executed  rapidly  with 
an  instrument  exerting  sufficient  force  to  immediately  stop  pulmonary 
ventilation,  general  motor  activity  and  blood  flow  to  and  from  the  l)rain. 
Plasma  17-()HCS  in  guinea  pigs  processed  in  this  fashion  ranged  from  less 
than  1  to  26  ng.  100  ml.;  17-()HCS  were  not  found  in  the  bile  of  animals 
with  such  low  plasma  levels  (8).  Even  when  blood  was  obtained  within  a 
few  seconds  after  a  (piick  cranial  blow,  the  17-()HCS  values  were  often 
elevated,  occasionally  reaching  05  /xg.  100  ml.  When  the  cervical  area  was 
clamped  within  15  to  45  seconds  after  a  cranial  blow  the  17-01  ICS  of 
plasma  ranged  from  20.7  to  83.1  ug.  100  ml. 


l7-()flCS  in  PUmnn  and  Bile  after  Bacterial  Polysaeeharidc 

The  intravenous  injection  of  a  relatively  large  amount  (1,000  ug.  100 
gm.  body  weight)  of  polysaccharide  led  to  a  rapid  elevation  of  17-()HCS 
in  plasma,  reaching  a  maximum  in  3  to  6  hours,  then  decreasing  toward 
the  control  range  in  12  to  14  hours  (Fig.  1).  Smaller  quantities  (12-110 
jug./ animal)  of  polysaccharide  gave  less  elevation  of  plasma  17-01  ICS  and 
a  shorter  period  of  response  (Fig.  2).  The  17-OHCS  increased  in  the  bile  and 
after  the  first  or  second  hour  were  higher  than  those  in  the  plasma 
(Table  1).  When  the  plasma  17-OHCS  declined  to  the  control  range,  17- 
OHCS  were  no  longer  present  in  the  bile.  After  2,  3,  or  5  daily  injections 
of  polysaccharide  the  17-OHCS  in  plasma  returned  to  control  values  in 
about  12  hours  (Fig.  3,  Table  1). 
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Fig.  2.  Plasma  levels  of  17-OHCS  in  the  Ruinea  pig  following  the  intravenous  ad¬ 
ministration  of  bacterial  poh  saecharide  and  of  guinea  pig  jilasma  containing  C'^  labeled 
polysaccharide. 


Adrenal  Ascorbic  Acid 

Following  a  .single  intravenous  injection  of  polysaccharide  the  adrenal 
ascorbic  acid  concentration  declined  somewhat  inversely  to  the  plasma  17- 
OIICS  values  (Fig.  1).  While  the  17-OHCS  in  plasma  returned  to  control 


Tabi.k  1.  17-hydroxycorticosteroids  (/ig. /lOO  ml.)  i.\  pi.asma  and  bile  after  the 

ADMINISTRATION'  OF  Ai.KAI.IXE-EXTRACTED  K.  PNEI  MOXIAE  POLYSACCHARIDE  COMPLEX 


I 

Hours  after  injection 

|K)IyHacrharide  . 

i  I 

1 

3  , 

6 

14  , 

24 

Plasma 

Bile 

Plasma 

Bile 

Plasma 

Bile  ' 

Plasma  Bile  I 

Plasma 

Bile 

Plasma 

Bile 

1  iiip;.  1(M)  gm.* 
body  weight 

1  08.8 

1 

88.0 

1.36.0 

100.0  j 

1 

216.0 

,346.0 

202.0  .361.0  j 

32.0 

10.0 

10.0 

0 

.054  mg.* 
per  animal 

:  03.7 

83.0 

j  04.3 

56.0  1 

170.0 

.385.0 

119.2  232.0 

8.4 

6.0 

0 

.012  mg.* 
per  animal 

01.0 

78.0 

j  06.4 

1 

61.0 

;  143.7 

242.0 

34.2 

4.2 

0 

26.0 

0 

1  mg.  100  gni.t 
body  weight 

1 

'  93.2 
140.5 

132.0 

141.0 

i  246.7 

1  245.1 

184.0 

213.0 

344.6  423.4 
i  181.3  536.3 

! 

46.8 

1  4.3.0 

0 

0 

•  One  injection  of  bacterial  polysaccharide. 

t  These  animals  were  pretreated  with  1  niR.  TDO  gm.  of  polysaccharide  per  day  for  two  consecutive  days  and  given 
the  standard  dose  of  1  mg.  100  gm.  on  day  3. 
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values  in  about  12  hours,  the  adrenal  ascorbic  acid  did  not  usually  return 
to  the  control  range  until  the  second  day.  Repeated  daily  injections  of 
polysaccharide  decreased  the  adrenal  ascorbic  acid  for  more  prolonged  pe¬ 
riods;  after  5  daily  injections  of  polysaccharide,  the  adrenal  ascorbic  acid 
remained  depressed  for  several  days  (Fig.  3). 

The  Effect  of  Polysaccharide-Containing  Plasma 

The  polysaccharide  remaining  in  the  blood  1, 3,  or  (i  liours  after  its  injec¬ 
tion  had  less  ability  to  produce  an  elevation  in  plasma  17-OHCS  than  a 


DAYS  AFTER  LAST  INJECTION 

Fig.  3.  Plasma  levels  of  17-OHCS  and  adrenal  aseorbic  acid  concentrations  in  guinea 
pigs  after  the  daily  administration  of  bacterial  polysaccharide  for  2  or  5  consecutive 
days. 

A  Adrenal  ascorbic  acid  after  2  daily  in-  A  Adrenal  ascorbic  acid  after  5  daily  in¬ 
jections  of  bacterial  poh’saccharide.  jections  of  bacterial  polysaccharide. 

O  Plasma  17-OHCS  after  2  daily  injec-  •  Plasma  17-OHCS  after  5  daily  injec¬ 
tions.  tions. 

comparable  amount  of  the  original  polysaccharide  (Fig.  2).  No  plasma  17- 
OHCS  or  adrenal  ascorbic  acid  responses  occurred  when  plasma  from  con¬ 
trol  guinea  pigs  was  injected  (Table  2). 

ACTH  Response  After  Bacterial  Polysaccharide 

The  intravenous  administration  of  ACTH  at  6,  9  and  12  hours  after  the 
injection  of  the  polysaccharide  produced  a  marked  increase  in  plasma  17- 
01  ICS  (Fig.  4).  This  indicates  that  adrenal  17-hydroxysteroidogenesis  can 
occur  even  when  relatively  large  amounts  of  polysaccharide  are  circulating 
in  the  plasma  and  do  not  maintain  high  17-OHCS  levels. 

Plasma  Clearance  of  Different  Quantities  of  Polysaccharide 

The  various  quantities  of  polysaccharide  were  cleared  from  the  plasma 
at  rates  comparable  to  that  of  the  large  dose  indicated  in  Figure  5.  Be- 
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Fig.  4.  Plasma  levels  of  17-OHCS  in  the  guinea  pig  following  the  intravenous  ad¬ 
ministration  of  0.5  i.u.  ACTH/lOO  gm.  body  weight. 

A.  6  hours  after  the  administration  of  1  mg.  100  gm.  body  weight  baeterial  poly- 
saeeharide. 

B.  9  hours  after  the  administration  of  1  mg./' 100  gm.  bodj'  weight  bacterial  polj’- 
saceharide. 

C.  12  hours  after  the  administration  of  1  mg. ,'100  gm.  body  weight  bacterial  i)oly- 
saccharidc. 

tween  the  2nd  and  24th  hour,  tlie  exponential  clearance  of  the  poly.sac- 
charide  from  plasma  was  14.7%  of  the  plasma  level  per  hour. 

DISCUSSIOX 

Following  the  administration  of  gram-negative  bacteria  or  their  polysac¬ 
charide  extracts,  increased  adrenal  activity  has  been  observed  in  man  and 
the  guinea  pig  by  numerous  investigators  (9-12).  The  bacteria  and  their 
products  probably  act  through  an  increased  discharge  of  ACTH.  The  pres¬ 
ent  studies  show  that  in  the  guinea  pig  the  plasma  17-OHCS  elevation  is 
not  maintained  for  more  than  12  to  14  hours  after  the  administration  of 
bacterial  polysaccharide  although  the  plasma  contains  ample  quantities 
of  the  polysaccharide  at  this  time.  Rosenfeld’s  studies  of  perfused  calf 
adrenal  glands  (13)  suggest  that  bacterial  polysaccharides  may  act  directly 
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upon  the  adrenal  gland  to  decrease  steroidogenesis,  either  with  or  without 
ACTH  in  the  perfusate.  The  present  studies,  however,  indicate  that  the 
guinea  pig  adrenal  is  not  “exhausted”  or  “refractory”  after  bacterial  poly¬ 
saccharide  injection  since  ACTH  induces  a  plasma  17-()HCvS  elevation  at 
6,  9  or  12  hours  after  the  administration  of  the  polysaccharide  (Fig.  4).  In 
addition,  the  third  daily  injection  of  polysaccharide  evokes  a  strong  17- 
OHCS  response  (Table  1).  In  order  to  explain  the  subsidence  of  17- 


Fig.  .5.  Clearance  of  C‘^  bacterial  polysaccharide  from  the  blood  .stream  of  the  guiiu'a 
pig  in  relation  to  the  average  i)lasma  17-()HC'S  eoneentration  curve  after  intravenous 
injection  of  bacterial  polysaccharide. 


Volume  1)2 


hydroxysteroidogenesis  while  polysaccharide  is  still  present  in  the  blood 
plasma  (Fig.  5)  further  studies  on  the  physicochemical  changes  in  the  cir¬ 
culating  polysaccharide  and  its  influences  on  the  pituitary-adrenal  axis  are 
necessary. 

Unpublished  observations  (14)  indicate  that  the  poly.saccharide  remain¬ 
ing  in  plasma  for  several  hours  is  not  greath'  altered  since  it  retains  the 
haptenic  properties  and  ti.ssue  affinities  of  the  original  polysaccharide.  The 
slower  initial  rate  of  disappearance  from  the  blood  and  the  diminished 
capacity  to  evoke  17-()HC8  elevation  in  plasma  are  prol)ably  an  indica¬ 
tion  of  a  physicochemical  change  in  the  bacterial  polysaccharide.  This  may 
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De  due  to  a  eomliinatiou  with  plasma  constituents.  LeQuire  (lo)  observed 
that  the  tliermogetiie  effect  of  E.  fyphosa  vaccine  and  of  purified  pyrogens 
of  .4.  cloacae,  Ps.  aeruginosa  and  E.  typhosa  was  augmented  by  suspension 
in  citrated  but  not  heparinized  plasma.  (Irant  and  Whalen  (l(i)  postulated 
the  formation  of  an  “endogenous”  pyrogen  through  the  interaction  of  a 
Proteus  vulgaris  pyrogen  with  plasma,  resulting  in  a  chemical  or  physical 
modification  of  the  injected  material. 

The  decrea.se  in  adrenal  ascorl)ic  acid  after  one  or  several  injections  of 
bacterial  polysaccharide  is  more  prolonged  than  the  elevation  of  the 
plasma  17-()HCS  in  the  guinea  pig.  In  the  rat,  Wexler  and  co-workers  (12) 
have  observed  that  the  administration  of  Piromen,  a  Pseudomonas  poly¬ 
saccharide,  will  give  a  more  prolonged  depression  of  adrenal  ascorbic  acid 
than  seen  following  the  administration  of  ACTH.  The  bacterial  polysac¬ 
charide  may,  therefore,  directly  interfere  with  mechanisms  governing 
adrenal  ascorbic  acid  concentration  in  different  animal  species.  The  more 
prolonged  depression  of  adrenal  ascorbic  acid  in  the  guinea  pig  than  in  the 
rat  may  be  due  to  the  inability  of  the  former  to  synthesize  ascorbic  acid. 
The  relationship  between  steroid  l)io.synthesi.s  and  adrenal  ascorl)ic  acid 
still  awaits  explanation.  If  a  positive  correlation  exists,  shifts  in  adrenal 
ascorbic  acid  concentration  may  reflect  other  parameters  of  “stress” 
metal)olism  than  tho.se  pertinent  to  the  production  of  17-OIICS. 

Does  tissue  injury  result  from  the  relatively  high  levels  of  bacterial  poly¬ 
saccharide  in  the  pla.sma  after  the  termination  of  the  17-OHCS  response? 
Engorgement  of  the  adrenal,  formation  of  bile  precipitate  in  the  gall 
Idadder,  accumulation  of  ascitic  fluid  and  even  death  have  been  i-eported 
between  6  and  24  hours  after  the  injection  of  the  more  toxic  bacterial  poly¬ 
saccharides  (5).  In  the  guinea  pig  the  adrenal  cortex  accumulates  a  marked 
amount  of  from  labeled  polysaccharide  and  attains  a  maximum  con¬ 
centration  of  less  rapidly  than  other  organs  or  tissue  (1,  2).  A  high 
plasma  concentratio!i  of  17-()IICS  will  not  abolish  the  C'^  uptake  l)y  the 
gland  since  such  an  uptake  occurs  not  only  during  the  initial  b  or  12  hours 
when  the  17-OIICS  are  high  but  also  with  the  sustained  high  levels  of  17- 
01  ICS  resulting  from  the  treatment  with  either  cortisone  or  cortisone  plus 
•VC'TH  (17).  Our  observations  are,  therefore,  compatible  with  the  entrance 
of  labeled  moieties  from  the  polysaccharide  into  the  adrenal  cortex  regard¬ 
less  of  the  concentration  of  circulating  17-OHCS. 

Could  the  joint  lesions  induced  l\v  K.  pneumoniae  polysaccharide  be  due 
to  the  presence  of  circulating  poly.saccharide  after  the  .subsidence  of  the 
plasma  17-OHCS  elevation?  Histologic  .studies  indicate  that  the  meta- 
chromatic,  PAS-negative  material,  apparently  hyaluronic  acid  or  its  com¬ 
plex  with  protein,  initially  decreases  and  later  increases  in  the  joints  of 
guinea  pigs  given  a  single  injection  of  the  polysaccharide  and  daily  subcu¬ 
taneous  injections  of  ACTH  and  or  cortisone  (17).  Since  daily  injections 
of  either  ACTH  or  cortisone  alter  the  metachromatic  material  in  the  joint 
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space  it  would  appear  that  either  repeated  or  sustained  elevations  of  plasma 
17-OHCS  may  be  of  significance.  Elevated  plasma  17-OHCS  could  modify 
the  joint  lesions  by  altering  a)  the  distribution  of  polysaccharide,  b)  the 
function  of  the  synovium,  or  c)  the  properties  of  synovial  fluid. 

Seven  or  more  daily  injections  of  ACTH  plus  cortisone,  but  neither 
alone,  lead  to  moderate  quantities  of  ascitic  fluid  (3).  The  administration 
of  alkaline-extracted  polysaccharide  occasionally  produces  a  mild  amount 
of  ascitic  fluid  while  the  toxic,  acid-extracted  polysaccharide  regularly 
produces  a  more  marked,  but  transient,  accumulation  of  ascitic  and 
retroperitoneal  fluid  6  to  12  hours  after  injection  (5).  When  animals  re¬ 
ceiving  ACTH  and  cortisone  daily  are  given  a  single  intravenous  injection 
of  non-toxic  alkaline-extracted  polysaccharide,  a  pronounced  accumula¬ 
tion  of  ascitic  fluid  develops  and  persists.  Since  the  toxic  acid-extracted 
and  the  relatively  non-toxic  alkaline-extracted  polysaccharide  both  give 
similar  plasma  17-OHCS  responses  (14)  but  differ  in  the  production  of 
ascitic  fluid,  there  are  significant  factors  besides  the  plasma  17-OHCS  in 
this  phenomenon. 
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THYROIDAL  METABOLISM  OF  DI lODOTYROSINE 

1).  WARD  SLINGERLAND  and  ROMA  K.  JOSEPHS 

Radioisotope  and  Medical  Services,  Boston  Veterans  Adnimistration  Hospital, 
and  Tufts  Vniversity  School  of  Medicine,  Boston,  Massachusetts 

ABSTRACT 

The  (h'iodiiiation  of  nuliodiiodotyrosiiu'  by  animal  tissues  has  been  studied 
and  quantitated  l)y  paper  ehromatography.  The  thyroid  and  liver  were  aetive, 
the  kidney  relatively  inactive,  in  deiodination.  Slices  and  mitochondria  were 
more  effective  than  homogenates  or  siqx'inatants.  Inhibition  occurred  with  ('x- 
tremes  of  temperature  and  j)!!,  added  p-chloromercuribenzoate,  mercuric 
chloride,  2-methyl  1,4-naphthoquinone  and  iodoacetatc*.  Many  enzyme  inhib¬ 
itors  (including  cyanide,  azide,  fluoride,  methylene  blue)  compounds  known  to 
effect  thyroid  function  (TSH,  KSCX,  iodide,  PTC,  tajjazole,  resorcinol,  sul- 
l)hanilamide),  other  iodinated  compounds  (BHl)B,  Prio<lax,  Teridax,  Tel- 
epaque,  thyroxine,  triiodothyronine,  3,5-diiodothyronine)  have  no  effect  on 
deiodination.  ('ai  rier  diiodotyrosine  and  monoiodotyrosine  at  10“^.!/  inhibit  de¬ 
iodination  of  railiodiiodotyrosine.  The  products  of  deiodination  are  iodide  and, 
jnesumably,  tyrosine.  There  is  no  accumulation  of  monoiodotyrosine  except  in 
the  pre.sence  of  iodoacetate.  Iodide  is  released  from  the  slide  into  the  imalia. 

'I'lie  thyroidal  enzyme  seems  to  be  spt'cific  for  iodinated  tyrosines,  not  thyro¬ 
nines  or  other  similar  conqiounds.  If  monoiodotyrosine  is  formed,  its  deiodina¬ 
tion  is  not  rate  limiting. 

The  dehalogenation  of  .some  halogenated  aliphatic  (1)  and  aromatic  (2) 
hydrocarbons  is  catalyzed  by  ti.ssue  .slices,  homogenates  and  extracts. 
In  vitro,  the  liver,  thyroid  and  kidney  of  tlie  dog  deiodinated  diiodotyro.sine 
(2).  Liver  was  the  most  active  at  37°  C  with  an  optimal  pH  of  7. 7-8.0. 
Extremes  of  temperature  and  pH  were  inhibitory  but  anerobic  conditions 
made  no  difference.  Roche,  et  al.  (3,  4)  extended  these  observations,  with 
sheep  and  dog  tissues,  to  include  monoiodotyrosine  and  thyroxine.  The 
tliyroid  of  the  sheep  was  the  most  active  in  deiodination  of  monoiodotyro- 
.sine  and  diiodotyrosine;  liver,  kidney  and  heart  were  less  active.  Slices  and 
extracts  were  effective  but  deiodination  was  inhibited  by  boiling.  Thy¬ 
roxine,  however,  was  only  .slightly  deiodinated,  if  at  all.  The  authors  postu¬ 
lated  that  the  thyroid  con.served  iodide  essential  for  thyroxine  synthe.sis  by 
deiodinating  metabolically  inactive  monoiodotyrosine  and  diiodotyrosine 
released  by  the  intrathvroidal  proteolysis  of  thyroglobulin.  Michel  (o) 
.states  that  “almost  all  of  the  iodine  entering  the  thyroid  gland  leaves  it  in 
the  form  of  hormones  after  one  or  more  passage  in  thyroglobulin.”  The 
po.ssibility  exists,  however,  that  significant  amounts  of  inorganic  iodine 
may  leave  the  gland. 

Further  .studies  on  the  thyroidal  deiodination  of  diiodotyro.sine  and  the 
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effects  of  various  physical  and  chemical  agents  on  deiodination  are  pre¬ 
sented  here. 

MATERIALS  AXI)  METHODS 

Fresh  tissues  were  ol)taine(l  at  the  abattoir  and  iced.  Slices  (about  0.5  mm.  thick) 
or  an  homoKcnate  of  2.50-300  mg.  of  tissue  was  placed  in  1  cc.  of  Krebs-Ringer  phosphate 
medium  buffered  at  pH  7.8  to  which  approximately  3  fiv.  of  carrier  free  diiodotyrosine 
labelled  with  I'”  had  been  added.  C'ontrol  tubes  were  without  tissue  or  with  boiled 
tissue.  Various  compounds  were  added  in  concentration  usually  of  10~'M/  or  10~’.l/. 
The  tubes  were  placed  in  a  constant  temi)erature  (37®  C)  bath  for  twenty-four  hours 
(shaking  did,  not  influence  the  results).  .Vn  aliquot  (8X)  of  medium  was  then  placed  on 
strips,  chromatograplu'd  in  an  ascending  systcun  of  butanol-acetic  acid-water,  (75-10-15) 
and  both  radioautographed  and  counted  on  a  strip  counter.  (.Vctigraph,  Xuclear- 
Chicago)  Planimeter  measurements  were  made  for  quantitation  of  the  Esterline-.Vngus 
recording.  In  most  of  the  experiments  the  medium  contained  i)otassium  thiocyanate 
and  propylthiouracil  to  prevent  the  uptake  by  the  thyroid  of  iodine.  The  effect  of 
various  compounds  administen'd  in  vivo  was  studied  by  feeding  rats  diets  (Ken-L- 
Hiskit)  containing  the  compounds  for  two  to  three  w(>eks.  The  thyroids  were  then  re¬ 
moved  and  treatc'd  as  describc'd  above. 

RESULTS 

Tlie  percentage  of  radiodiiodotyrosine  deiodinated  hy  slice.s  of  sheep  or 
eow  thyroid  varied  between  20  and  100.  In  some  instances  a  spot  with  the 
Ilf  of  monoiodotyrosine  was  present,  hut  the  large  majority  of  radioac¬ 
tivity  was  iodide  and  diiodotyrosine.  In  addition,  material  was  occasionally 
noted  (particularly  in  the  homogenate  experiments)  with  an  Rf  of  thy¬ 
roxine,  or  triiodothyronine,  or  of  unidentified  material  which  .stayed  at  the 
origin  or  ran  close  to  the  front.  None  of  the.se  compounds  was  definitely 
identified,  but  the  formation  by  tis.sue  of  thyroxine  or  triiodothyronine  in 
the  presence  of  propylthiouracil  seemed  unlikely.  Products  of  complex 
formation  or  iodination  of  peptides  or  proteins,  or  various  products  of  oxi¬ 
dation  or  reduction  and  of  deamination  or  decarboxylation  may  have  been 
formed. 

Deiodination  was  significant  (about  50%  of  final  value)  at  three  and  six 
hours  but  further  deiodination  occurred  between  six  and  twenty-four 
hours  (Fig.  1).  Little  .sensitivity  to  changes  in  pH  was  noted  but  with  pH’s 
of  3  or  11  pronounced  inhibition  was  observed.  Boiling  the  .slices  for  one 
minute  prior  to  the  addition  of  diiodotyrosine  completely  inhibited  dei¬ 
odination.  Incubation  at  5°  C,  25°  C  and  60°  C  inhibited  deiodination, 
(Fig.  2),  whereas  anaerobic  incubation  (nitrogen  atmosphere)  had  slight, 
if  any,  inhibitory  effect.  Doubling  the  amount  of  tissue  from  250  mg.  to 
.500  mg.  per  cc.  increased  the  amount  of  deiodination,  whereas  increasing 
the  quantity  of  medium  twofold  had  no  effect  on  the  deiodination  of  diiodo¬ 
tyrosine.  The  slices  retained  their  ability  to  deiodinate  diiodotyrosine 
after  vigorous  shaking  for  an  hour  in  K-R-P  buffer.  The  buffer,  in  which 
the  slices  had  been  shaken,  gained  only  a  slight  ability  to  deiodinate  di¬ 
iodotyrosine.  Some  deiodination  occurred  in  Krebs-Ringer-phosphate 
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Fig.  1.  'riie  ratio  of  io<li(U‘-131  to  diiodotyrosino-lSl  after  iiieiil)ation  of  diiodo- 
tyrosine  (al)out  3  nv.)  in  K-R-P  inediuni  with  (dotted  line)  and  without  (."^olid  liiu') 
added  beef  thyroid  .sliee.s.  Fifty  percent  of  tlie  deiodination  occurs  in  (>  hours. 


medium  without  caleium  chloride  or  magne.sium  sulfate  or  sodium  chloride. 
The  addition  of  gluco.se  to  the  medium  made  no  difference  hut  plasma  re¬ 
duced  deiodination.  Slices,  washed  repeatedly  with  .saline  after  a  twenty- 
four  hour  incubation,  lost  radioactivity  (Fig.  8)  so  as  to  suggest  that  there 


S'C  ZS-C  37‘C  SO’C 


ih, 

D.TZi, 

iiybJiiM 


Fig.  2.  The  effect  of  temperature  on  the 
deiodination  of  diiodotyrosine  by  bi'cf 
thyroid  .slices,  i)lott(‘d  as  the  ratio  XI 00 
of  the  amount  of  the  radioactive  eomjiound 
to  the  total  radioactivity  of  the  strij)  (ex¬ 
cept  131). 


SoO  SLIXGERLANI)  AND  J0SP:PHS  Volume  62 


Fig.  3.  The  effect  of  repeated  washing  with  isotonic  sodium  cldoride  of  thjToid 
slices  after  24  hour  incubation  with  radiodiiodotyrosine  on  residual  tissue  radioactivity 
expressed  as  counts  per  minute  remaining  at  the  end  of  a  particular  wash  (0-14).  The 
difference  between  the  two  lines  from  wash  5  to  14  presumably  repre.sents  labelled  thyro- 
globulin.  This  material  was  .so  inactive  that  after  proteolj’sis,  it  could  not  be  identified 
by  chromatography.  There  is  no  evidence  to  suggest  that  propylthiouracil  (PTU)  or 
KSCX  blocks  uptake  of  diiodotyrosine. 

i.s  little,  if  any,  binding  (by  bonds  which  cannot  be  broken  with  saline)  of 
diiodotyrosine  or  any  of  the  iodinated  products  of  deiodination  by  the 
slice.  So  little  radioactivity  remained  after  washing  that  it  could  not  be 
identified  by  chromatography.  The  slightly  higher  residual  in  .slices  not 
blocked  by  propylthiouracil  and  thiocyanate  suggests  that  a  small  amount 
of  thyroglobulin  was  formed. 

The  thyroids  of  the  cow  and  sheep  were  equally  active,  but  kidney  tissue 
was  only  slightly  active  in  deiodination.  The  liver  of  the  cow  was  the  most 
effective  tissue  (Fig.  4).  Whole  homogenate  and  its  supernatant  (2000 
rpm)  deiodinated  diiodotyrosine  slightly,  a  mitochondrial  preparation 
(hoipogenate  centrifuged  in  0.25%  sucrose  at  16,000  rpm.)  was  less  active 
than  whole  tissue  slices  (Fig.  5)  (both  incubated  in  0.25%  sucrose,  which 
somewhat  inhibits  the  deiodination  of  diiodotyrosine  by  normal  slices). 

The  addition  to  the  medium  of  various  compounds  known  to  effect  thy- 
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Fig.  4.  The  extent  of  cleiodinatiori  of  diiodotyrosine  by  slieep  and  stei'r  thyroid, 
kidnej'  and  liver  sliees  expressed  as  the  ratio  of  radioiodide  to  radiodiiodotyrosine.  Carrier 
monoiodotyrosine  and  p-ehloromercuribenzoate  inhibit  the  activity  of  liver  slices.  Each 
groupinK  of  columns  can  be  compared  only  to  itself. 

roid  function  did  liot  influence  deiodination  of  diiodotyro.sine  i)y  tliyroid 
tissue:  pota.ssium  thiocyanate,  propylthiouracil,  tapazole,  iodide,  resor¬ 
cinol,  sulfanilamide,  corti.sone,  estrone.  Thyroid  stimulating  hormone  (in 
amounts  varying  between  1  m/x  ml.  — 10^  m/x  ml.)  had  no  effect  on  dei- 


Fig.  5.  The  comparative  ability  of 
homogenates,  mitochondria,  slices  and 
supernatant  preparations  of  beef  thyroid 
to  deiodinate  diiodotyrosine  expressed  as 
the  ratio  of  the  radioactive  product  to 
total  radioactivity  XlOO  (except  1“”'/ 
DIT  131). 
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odination  at  three  or  twenty-four  hours.  The  anti-tliyroxine  compound  n- 
butyl  parahydroxy,  3,o-diiodobenzoate  did  not  inliibit  deiodination.  Vari¬ 
ous  other  iodine  containing  compounds  had  no  effect:  potassium  iodide,  l- 
thyroxine,  8,5,3 'triiodothyronine  (/),  3,5-diiodothyronine  il  and  (//),  Pri- 
odax  (Scliering),  Teridax  (Schering),  Telepaque  (Winthrop-Stearns).  The 
ceric  sulfate-arsenious  acid  system  for  determining  the  presence  of  iodine 
(altliough  the  results  were  not  always  consistent  or  clear)  did  not  indicate 
that  Priodax,  Telepacpie,  Teridax  or  3,5-diiodothyronine  were  tliemselves 
significantly  deiodinated.  Monoiodotyrosine  (10~^il/),  howev'er,  markedly 
diminished  the  deiodination  of  diiodotyrosine  and  the  amount  of  deiodina¬ 
tion  of  radiodiiodotyrosine  was  greatly  reduced  by  carrier  diiodo¬ 

tyrosine  (Fig.  b). 
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Fig.  ().  The  inhibition  of  deiodination 
of  diiodotyrosine  by  beef  thyroid  slices  by 
various  compounds.  The  solid  black  col¬ 
umns  represent  the  results  with  the  indi¬ 
cated  inhibiting  compound  added,  the 
cross  hatched  columns  are  simultaneously 
run  controls.  There  is  little  if  any,  inhibi¬ 
tion  by  monoiodotjTosine  and  diiodotyro¬ 
sine  at 


.\  number  of  compounds,  including  some  enzyme  inhibitors,  had  no 
effect  on  deiodination:  .sodium  cyanide,  pota.s.sium  ferricyanide,  sodium 
fluoride,  sodium  azide,  hydroquinone,  mercaptoacetate,  sodium  nitroprus- 
side,  methylene  blue,  hydrogen  peroxide,  versetie,  ar.senious  acid,  thy¬ 
ronine,  pota.ssium  thiosulfate. 

The  results  with  other  compounds,  including  the  heavy  metals,  were 
difficult  to  interpret.  Experiments  with  media,  radioiodide  or  radiodiiodo¬ 
tyrosine  and  the  test  compound  without  tissue  indicated  the  formation  of 
new  iodine  containing  compounds.  A  .significant  amount  (5-20%)  of  iodide 
stays  at  the  origin  in  the  pre.sence  of  silver  nitrate  and  cupric  chloride,  a 
large  amount  (30-40%)  moves  near  the  front  with  iodoacetate  and  all  the 
radioactivity  moves  near  the  front  in  the  pre.sence  of  para-chloromercuri- 
benzoate  and  mercuric  chloride.  The  same  reactions  could  presumably 
occur  with  iodide  released  by  the  deiodination  of  radiodiiodotyrosine.  In 
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addition,  a  small  amount  of  radioactivity  (al)out  o%  witli  Ringers  l)ut  over 
")()%  with  water)  from  radiodiiodotyrosine  stays  at  the  origin  in  the  pres¬ 
ence  of  silver  nitrate  and  cupric  chloride,  whereas  some  (5-10%)  moves 
near  the  front  with  mercuric  chloride  and  parachloromercuribenzoate  (Fig. 
7).  Some  of  these  findings  can  he  explained  by  the  formation  of  new  com¬ 
pounds  (silver  iodide,  mercuric  iodide)  or  complexes  (copper  with  diiodo- 
tyrosine).  However,  the  finding  of  more  iodide  in  the  controls  than  the  sum 
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Fig.  7.  The  effect  of  various  compounds  added  to  medium  with  radioiodide  or  radio¬ 
diiodotyrosine.  No  tissue  is  present.  .All  symbols  should  be  between  the  two  vertical 
lines;  those  outside  represent  material  runniiiK  chromatoKiaphically  in  an  unusual 
manner  due  to  the  added  compound.  The  amounts  are  expressed  as  percentage  of  total 
radioactivity. 


of  iodide  and  the.se  other  unknown  spots  in  the  pre.sence  of  p-chloromercuri- 
benzoate  and  mercuric  chloride  indicates  an  inhibition  of  deiodination 
(Fig.  ()).  The  results  with  silver  nitrate  and  cupric  chloride  do  not  clearly 
indicate  a  detectable  amount  of  inhibition  nor,  however,  do  they  rule  out 
.such  a  possibility.  lodoacetate  and  bromoacetate  inhibited  deiodination 
completely  at  (Fig.  8a,  8b)  partially  at  U)-‘^M  and  little,  if  any,  at 

10^'W.  An  appreciable  amount  of  material  with  the  same  Rf  as  monoiodo- 
tyrosine  was  present  when  was  u.sed.  2-methyl  1,4-naphthoquinone 

(.Menadione)  inhibited  deiodination  completely  at  and  occasionally 

at  (Fig.  6). 
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Fig.  8a.  The  (‘ffoct  of  iodoacotatc  on  the  doiodination  of  diiodotyro.'^ino  by  boof 
thyroid  slices.  Note  tlic  appearance  of  significant  amounts  of  monoiodotyrosine  as  lower 
concentrations  of  iodoacetate  an*  used  resulting  in  less  inhibition  of  deiodination.  .Vs 
more  iodide  becomes  available  more*  material  runs  at  the  front  (some  of  which  is  jire- 
sumably  due  to  the  effect  of  iodoaci'tate  on  iodidi').  The  control  and  10“'.U  iodoacetate 
hav(“  no  measurable  monoiodotyrosine.  Results  are  e.xpressed  as  percent  of  total  radio¬ 
activity. 


(Jross  contamination  with  variou.s  microorganisms  (including  Staph, 
aureus,  A.  aerogenes,  E.  coli,  Pseudomonas  aeruginosa)  in  the  ab.sence  of 
ti.ssue  did  not  deiodinate  diiodotyrosine.  In  vivo  studies  with  rats  on  diets 
for  3  weeks  of  propylthiouracil  (0.1%),  iodide  (1  mg.  10  gm.),  propyl¬ 
thiouracil  plus  iodide,  estrone,  3,o-diiodo-d/-thyronine  (500  /zg.  10  g.), 
thyroid  powder  (0.1%)  resulted  in  little  if  any  change  in  deiodinating  abil¬ 
ity  of  the  thyroid. 

DISCUSSION 

T’he  in  vitro  deiodination  of  diiodotyrosine  (2)  by  animal  tissue  has  been 
confirmed.  The  thyroid  and  liver  of  the  cow  and  sheep  were  active,  whereas 
the  kidney  was  inactive.  Mitochondria,  whole  homogenates  and  super¬ 
natants  were  not  so  effective  as  tis.sue  .slices.  Homogenization  and  chroma¬ 
tography  of  the  washed  slice  indicates  that  diiodotyrosine  has  either  en¬ 
tered  or  adhered  to  the  tissue  and  the  appearance  of  iodide  in  the  medium 
indicates  deiodination.  This  iodide  is  not  bound  by  the  tissue  since  re¬ 
peated  washings  easily  remove  almost  all  the  radioactivity.  Experiments  in 
which  propylthiouracil  and  potassium  thiocyanate  were  omitted  indicated 
an  increa.se  in  iodiile  in  the  medium  to  a  similar  extent. 
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Fig.  8h.  Radioautograph  of  chromatographic  strips  indicating  the  appearance  of 
monoiodotyrosinc,  in  tiie  pre.sence  of  iodoacetate,  during  tlie  deiodination  of  diiodo- 
tyrosine  by  beef  thyroid  slices. 

The.se  findings  .suggest  that,  in  the  in  vitro  .system  used,  tlie  iodide  re¬ 
leased  by  the  deiodination  of  diiodotyrosine  is  not  necessarily  retained  by 
the  tissue.  The  finding  by  Roche  and  Michel  (4)  of  labelled  thyroxine  may 
be  explained  by  the  subseejuent  uptake  from  the  medium,  in  the  absence 
of  propylthiouracil,  of  iodide  released  from  diiodotyrosine.  If  the  results 
of  the  pre.sent  study  can  be  applied  in  vivo,  the  hypothesis  advanced  by 
Roche  and  Michel  (4)  that  the  thyroid  con.served  iodide  relea.sed  by  the 
deiodination  of  iodinated  tyrosines  for  the  synthesis  of  thyroxine  may  not 
hold  for  all  such  iodide.  Indeed,  the  thyroid  may  release  a  large  proportion 
of  the  iodide  re.sulting  from  deiodination  of  diiodotyrosine. 
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Tong  and  Taurog  (6)  have  indicated  that  the  thyroid  metabolizes  di- 
iodotyrosine  by  deiodination.  The  present  study  confirms  this  althougli 
a  small  amount  of  decarboxylation  or  deamination  may  be  undetected. 
The  final  products  of  deiodination  are,  presumably,  tyrosine  and  iodide. 
Unless  simultaneous  deiodination  of  the  3  and  5  positions  occurs  a  rnono- 
iodo  compound  must  l)e  formed.  Very  small  amounts  of  monoiodotyrosine, 
if  any,  were  noted,  suggesting  that  the  deiodination  of  monoiodotyrosine  i.*^ 
not  rate  limiting.  In  the  pre.sence  of  iodoacetate  IQ-bl/  and  little 

deiodination  of  diiodotyrosine  occurred,  but  at  deiodination  oc¬ 

curred  and  a  significant  amount  of  monoiodotyro.sine  was  noted.  lodoace- 
tate  may  block  the  deiodination  of  monoiodotyrosine  to  a  greater  extent 
than  diiodotyrosine,  .suggesting  either  that  a  different  deiodinating  mecha¬ 
nism  may  be  involved  or  that  monoiodotyrosine  is  more  difficult  to  dei- 
odinate.  Diiodotyrosine,  however,  may  be  deiodinated  in  a  different  form 
in  the  pre.sence  of  iodoacetate. ‘ 

Many  enzyme  inhibitors  had  no  effect  on  the  deiodination  of  diiodo¬ 
tyrosine,  including  .sodium  azide,  sodium  cyanide,  sodium  fluoride,  methyl¬ 
ene  blue,  ver.sene,  mercaptoacetate.  A  nitrogen  atmosphere  had  little  effect 
on  deiodination.  These  findings  indicate  that  neither  ti.s.sue  respiration  nor 
glycolysis  need  be  intact  for  deiodination.  The  proce.ss  is  sensitive,  how¬ 
ever,  to  temperature  and  one  minute  of  boiling  completely  inactivated 
deiodination.  Several  inhibitors  of  sulphydryl  groups  (p-chloromercuri- 
benzoate,  mercuric  chloride,  2-methyl  1,4-naphthoquinone,  iodoacetate 
and  bromoacetate)  inhibited  the  deiodination  of  diiodotyrosine.  In  some 
in.stances  (iodoacetate,  bromoacetate)  high  concentrations  (10~bl/  or 
10“®.!/)  were  required  and  in  others  (p-chloro-mercuribenzoate  and  mer¬ 
curic  chloride)  reactions  occurred  with  iodide  and  diiodotyrosine.  The 
necessity  for  unbound  sulphydryl  groups  in  deiodinating  diiodotyrosine 
was,  therefore,  not  clearly  indicated.  Inhibition  may  have  resulted  from 
the  oxidativ'e  action  of  heav'y  metals,  or  a  non-.specific  effect  on  the  enzyme 
rather  than  the  specific  binding  of  thiol  groups. 

It  was  not  clear  whether  inhibitors  blocked  the  entrance  into  or  adher¬ 
ence  to  the  cell,  or  the  deiodination  of  diiodotyrosine,  or  l)oth.  Chroma¬ 
tography  of  homogenized  washed  slices  to  which  inhibitors  had  been  added 

'  Further  studies  indicate  that  the  addition  of  carrier  monoiodotyrosine  and  diiodo¬ 
tyrosine  (10“'^.l/)  to  the  medium  markedlj’  iidiihited  the  deiodination  liy  tliyroidal 
slices  of  radiomonoiodotyrosine.  The  addition  of  carrier  diiodotyrosine  markedly  in¬ 
hibited,  whereas  carrier  monoiodotyrosine  onh"  partially  inhibited,  the  deiodination  of 
radiodiiodotyrosine.  The  addition  of  iodoacetate  (10“^.l/)  inhibited, the  deiodination  of 
radiomonoiodotyrosine  more  than  the  deiodination  of  radiodiiodotyrosine.  There  is  no 
difference  in  the  inhibitory  effect  of  m(‘rcuric  chloride  and  para  chloromercuribenzoate 
on  the  deiodination  of  mono  and  diiodotyrosine.  These  findings  would  suggest  that  the 
same  enzyme  is  involved  but  that  monoiodotyrosine  is  more  difficult  to  deiodinate  than 
diiodotyrosine.  However  the  amount  of  monoiodotyrosine  and  diiodotyrosine  deio¬ 
dinated  at  1,  3,  H  and  24  hours  is  similar. 
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indicated  the  presence  of  small  amounts  of  diiodotyrosine  similar  to  the 
controls.  Some  diiodotyrosine  has,  therefore,  entered  or  adhered  to  the 
cells,  although  possibly  less  than  in  the  control  slices.  The  lack  of  an  ac¬ 
cumulation  of  diiodotyrosine  in  the  iidiibited  slice  does  not  mean,  however, 
that  deiodination  may  not  also  have  been  blocked,  since  the  amount  of 
diiodotyrosine  in  the  slice  may  be  regulated  by  its  intracellular  concentra¬ 
tion. 

Many  compounds  which  affect  thyroid  function  (TSH,  iodide,  thio¬ 
cyanate,  propylthiouracil,  tapazole,  resorcinol,  sulphanilamide,  cortisone, 
estrone)  did  not  alter  the  ability  of  the  thyroid  slice  to  deiodinate  diiodo¬ 
tyrosine  during  a  twenty-four  hour  incubation.  Michel  (o)  states  that  the 
thyroidal  dehalogenase  is  stimulated  in  vivo  by  TSH.  The  present  study 
does  not  indicate  that  there  is  a  direct  acute  effect  of  TSH  on  a  tissue 
preparation,  although  in  one  preliminary  experiment  an  increase  in  de- 
iodinating  ability  of  the  thyroids  of  rats  injected  every  two  days  for  three 
weeks  with  TSH  has  been  demonstrated. 

Other  iodinated  compounds  (thyroxine,  3,o,3'-triiodothyronine,  3,o- 
diiodothyronine,  Priodax,  Teridax,  Telepaque)  were  not  themselves  rapidly 
deiodinated  by  thyroid  tissue  nor  did  they  inhibit  the  deiodination  of  di¬ 
iodotyrosine.  Carrier  monoiodotyrosine  does  reduce  the  deiodination  of 
tracer  radiodiiodotyrosine.  Thyroidal  deiodinating  .systems  can  remove 
iodide  from  the  benzene  ring  of  a  tyrosine  compound  but  not  of  a  thyronine 
derivativ’e  or  other  compounds  of  similar  structure  .such  as:  Priodax,^ 
Teridax,®  Telepaque.^  Diiodotyro.sine®  bears  a  similarity  to  the.se  other 
iodinated  compounds  which  indicates  the  specificity  of  the  enzyme  systems 
involved,  n-butyl  p-hy<lroxy  3,o-diiodobenzoate  inhibits  the  deiodination 
of  thyroxine  and  triiodothyronine  by  liver  and  other  tissues  (7,  8)  l)ut  not 
of  diiodotyrosine  l)y  thyroid  or  liver.  Diiodotyrosine  does  not  inhibit  the 
deiodination  of  thyroxine  and  triiodothyronine  by  the  liver  (7).  Extrathy- 
roidal  tissues,  therefore,  deiodinate  thyroxine  and  triiodothyronine  but 
not  with  the  .same  .system  by  which  they  deiodinate  diiodotyrosine.  Thy¬ 
roidal  tis.sue  deiodinates  monoiodotyrosine  and  diiodotyrosine,  not  thy¬ 
roxine  or  triiodothyronine.  The  data  does  not  indicate  whether  the  thy¬ 
roidal  and  extrathyroidal  systems  for  deiodinating  diiodotyrosine  are  the 
same. 

Patients  have  been  described  recently  who  presumal)ly  have  a  defect 
in  the  thyroidal  deiodinating  .sy.stem  (9).  The  present  observations  do  not 
reveal  a  phy.siological  inhibitor  of  thyroidal  deiodination,  either  in  short 
term  in  vitro  experiments  or  more  prolonged  in  vivo  stu{lies  with  the  com¬ 
pounds  tested. 

^  /3(4-hydrox\--3,5-(liio(lophenyl)-a-plu“nylpropionic  acid). 

®  /3(5-hydroxy-2,4,()-triiod()phcnyl)-a-cthylpropionic  acid). 

*  /3(3-ainin(»-2,4,()-triiod()phcnyl)-af-cthylpropi()nic  acid). 
j8(4-hydroxy-3,5-diiodopln*iiyI)-a-amiii()propioiii(:  acid). 
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DKLAYEI)  THYROID  RESPONSE  TO  SERU.M  FROM 
THYROTOXIC  PATIENTS 


ABSTRACT 

In  mice  previously  injected  with  1'®‘,  standard  thyrotropin  produced  a 
maximal  increase  in  circulating  radioactivity  after  a  2-hour  interval.  A  de¬ 
layed  response,  similar  to  that  described  bj’  .\dams  and  Purves  (2,  3)  was 
obtained  with  certain  sera.  Thirty-one  tests  were  carried  out  on  sera  from  23 
subjects.  Two  pituitary  extracts  were  also  tested.  .\  delaj’ed  thyroid  response 
was  found  with  sera  from  9  of  11  thyrotoxic  patients  and  with  sera  from  3 
patients  not  thyrotoxic.  Sera  from  4  myxoedematous,  2  euthyroid  and  2 
thyrotoxic  individuals  gave  no  delayed  response;  neither  did  the  pituitary 
extracts.  The  possibility  that  this  delayed  response  is  of  some  significance  in 
the  aetiology  of  thyrotoxicosis  or  is  merely  a  toxic  effect  of  the  sera  is  discussed. 

In  1955  .\dams  and  Purves  (1)  published  details  of  a  highly  sensitive  assay  for 
thyrotropin  which  was  able  to  detect  the  serum  concentration  of  thyrotropin  in  various 
clinical  states.  Subsequently  they  reported  an  unusual  delayed  assay  response  obtained 
with  the  sera  of  certain  patients  with  thyrotoxicosis  (2,  3). 

modification  of  the  .\dams  and  Purves  assay  technique  (4)  was  used  to  study  this 
unusual  effect. 

METHODS 

Sera  and  other  solutions  to  be  tested  were  administered  intravenously  to  mice  previously 
injected  with  P’h  Thyrotropic  effect  was  measured  by  the  percentage  increase  in  circulating 
radioactivity.  This  increase  was  found  to  be  maximum  at  two  hours  after  an  injection  of 
U.S.P.  Thyrotropin  Reference  Standard.  For  the  present  investigation,  radioactivity  was 
measured  in  blood  specimens  obtained  at  2  hours,  12  hours  and  24  hours  after  an  injection  of 
the  test  substance,  as  well  as  prior  to  injection. 

The  various  sera  tested  were  refrigerated  at  4°  C  until  shortly  before  injection.  The  volume 
injected  was  0.5  ml.  for  each  of  6  mice  except  in  the  case  of  nos.  14  and  15  where  only  0.2 
ml.  could  be  tolerated. 

RESULTS 

Thirty-one  tests  were  carried  out  on  sera  from  23  subjects.  Also  tested  were  U.S.P. 
Thyrotropin  Reference  Standard  (0.15  m.u.  in  0.2  ml.  isotonic  saline)  and,  because  it  was 
not  expected  to  contain  thyrotropin,  a  glacial  acetic  acid  extract  of  human  pituitaries, 
0.5  ml.  containing  12.5  mg.  protein.  The  acid  extract  was  made  slightly  alkaline  before 
injection.  The  results  are  shown  in  Tables  1  and  2.  Typical  representative  curves  are 
shown  in  Figure  1.  Curve  X.  obtained  with  serum  from  a  thyrotoxic  patient  was  a  de¬ 
layed  response  similar  to  that  described  by  Adams  and  Purves.  This  response  was  ob¬ 
tained  with  sera  from  9  of  11  thyrotoxic  patients  and  with  the  sera  from  3  other  pa¬ 
tients,  one  exophthalmic  but  not  thyrotoxic,  one  with  ophthalmoplegia  possibly  result¬ 
ing  from  an  encephalitis  and  one  apparently  normal  individual.  Sera  from  4  patients 
with  myxoedema  and  from  2  euthyroid  individuals,  and  the  two  pituitary  extracts 
tested,  gave  no  delayed  response.  Sera  from  2  thyrotoxic  individuals  also  gave  no  de 
layed  response. 

Received  November  19,  1957. 
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Table  1.  Results  of  assays  for  a  delayed  thyroid  response  (positive  results). 
With  these  responses  a  maximu.m  effect  was  found  at  12  hours 

AND  NOT,  AS  WITH  STANDARD  THYROTROPIN,  AT  2  HOURS 


Number 

Delayed  response. 
Blood  radioactivity  at 

12  hours,  %  of  initial 

Diagnosis  and  comment 

1 

109 

Thj'rotoxic  with  static  exophthalmos 

2 

152 

Thyrotoxic 

ii 

164 

Thyrotoxic 

4 

115 

Thyrotoxic  with  exophthalmos 

5 

157 

Thyrotoxic 

1) 

123 

Euthyroid  thyrotoxic  2  years  ago 

7 

178 

Thyrotoxic 

8 

129 

Exophthalmic,  not  thyrotoxic 

9 

Fresh  serum  177 

Serum  1  week  old  106 

Thyrotoxic 

10 

Fresh  serum  237 

( )|)hthalmoplegic,  possibly  on  the  basis  of  en¬ 

Serum  6  weeks  old  neg. 

cephalitis  contracted  while  in  contact  with  chicken 
pox 

11a 

737 

Myxoedematous,  having  had  over-treatment  with 
propyl  thiouracil  (P.T.U.)  for  thyrotoxicosis  with 
exophthalmos 

lib 

219 

Same  patient  as  11a.  Euthyroid  3  days  after  cessa¬ 
tion  of  P.T.U.  therapy 

11c 

212 

Same  patient  as  11a.  Thyrotoxic  5  days  after  ces.sa- 
tion  of  P.T.U.  therapy 

12 

Fresh  .serum  261 

Serum  2  weeks  old  neg. 
Serum  4  weeks  old  neg. 

Thyrotoxic  with  exophthalmos 

13 

174 

Euthyroid 

The  same  specimen  of  .serum  from  jiatients  numbered  9,  10  and  12  was  tested  on  more 
than  one  oeeasion.  The  period  of  storage  appeared  to  be  associated  with  diminution  or 
complete  loss  of  the  delayed  resiionse.  Of  the  2  negative  sera  from  thyrotoxic  patients, 
one  was  tested  fresh  aiul  the  other  after  7  weeks’  storage. 

Sera  no.  14  and  15  were  the  only  sera  which  the  mice  would  not  tolerate  in  injection 
volumes  of  0.5  ml.,  a  very  high  immediate  mortality  resulting  from  injection  of  this 
volume.  In  the  few  surviving,  a  positive  delayed  response  was  obtained.  With  0.2  ml. 
injections  of  serum,  the  mice  were  obviously  ill,  apparently  shocked,  but  lived  and  did 
not  produce  a  delayed  response.  These  sera  were  from  myself  and  the  technician  who  as¬ 
sisted  me  throughout  these  investigations. 


Table  2.  Results  of  assays  for  a  delayed  thyroid  response  (nec.ative  results). 
The  blood  radioactivity  at  12  hours  was  less  than  the  initial  measurement 


Number 

I  )elayed 
response 

Diagnosis  and  comment 

14 

Thyrotoxic.  Serum  7  weeks  old 

15 

— 

Thyrotoxic  with  exophthalmos.  Fresh  serum 

16 

— 

Myxoedematous,  positive  early  response 

17 

— 

Myxoedematous 

18 

— 

Myxoedematous,  positive  early  response 

19 

— 

Myxoedematous,  po.sitive  early  response 

20 

— 

Euthyroid 

21 

— 

Euthyroid 

22 

Euthyroid.  Serum  very  toxic  to  mice,  with  the  few  surviving  giving  a 

23 

j 

positive  delayed  response.  When  0.2  ml.  serum  injected,  ie.ss  toxic 
effect  with  no  delayed  response 

24 

U.S.P.  Reference  Standard  Thyrotropin  0.15  m.u.  Positive  early 
response 

25 

Human  pituitary  extract.  Positive  early  response 
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TIME  AFTER  INJECTION  -  HOURS 

Fig.  1.  R(‘pn*st'ntativi‘  assay  curves.  .\.  Delayed  response  from  the  serum  of  a  tliyro- 
toxic  patient.  B.  Early  (“normal”)  response  from  0.15  m.u.  U.S.P.  R(>ferenee  Standard 
Thyrotropin.  C.  No  response,  from  the  serum  of  a  euthyroid  i)atient.  1).  Early  resi)onse 
from  the  serum  of  a  myxoedematous  jjatient.  Mean  and  standard  error  of  the  mean  of  0 
observations  shown. 


DISCUSSION 

The  presence  of  thyrotropic  activity  in  the  serum  of  ])atients  with  thyrotoxicosis  has 
been  a  debatable  point  for  the  25  years  durin}>:  which  the  results  of  bioassays  have  been 
published.  It  is  likely  that  the  assays  of  earlier  workers  were  not  sufficiently  .simsitive  for 
their  results  to  be  conclusive  (5-7).  In  recent  years  more  sensitive  assay  techniciues  have 
been  used  to  study  the  juoblem  (8-15).  The  thyroid  status  of  the  patients  described  in 
these  reports  has  not  always  been  clearly  indicated.  Even  allowing  for  this,  the  jmb- 
lished  evidence  of  whether  thyrotropin  concentration  is  high,  normal  or  low  in  the  serum 
of  patients  with  thyrotoxicosis  is  disconcertingly  contradictory. 

The  delayed  response  described  may  be  taken  as  suggestive  evidence  of  thyrotropie 
activity,  .\dams  (2)  found  no  suggestion  that  the  effect  was  due  to  other  than  a  specific 
thyroid  stimulator.  Thus,  an  abnormal  thyrotropin  may  be  postulated  (3),  although 
other  explanations  should  be  kept  in  mind.  For  example,  a  proteolytic  effect  of  the 
serum  giving  the  delayed  response  might  produce  an  increase  in  blood  radioactivity  dm* 
to  breakdown  of  thyroid  tissue  (16),  or  there  could  be  stimulation  of  the  jiituitary  despite* 
the  inhibition  with  exogenous  thyroid  hormone. 

In  the  assays  listed  above  the  reference  standard  was  always  a  jiituitary  extract  with 
“normal”  thyrotropic  activity.  The  evidence  produced  here,  that  some  modification  of 
this  activity  is  possible,  is  in  support  of  the  results  already  rejiorted  by  .Vdams  and 
Purves  but  is  still  far  from  conclusive.  However,  it  does  raise  once  more  the  possibility  of 
an  extra-thyroidal  aetiology  for  thyrotoxicosis. 
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THE  EFFECT  OF  STARVATION  AND  DEHYDR.VTION  ON  RADIOIODINE 
EXCRETION  FOLLOWING  INMECTIONS  OF  I'^*  LABELED  THYROXINE* 

AllSTRACT 

Uadioiudine  excretion  in  urine  and  fece.s  wa.s  studied  in  four  thyroidectomized- 
rabbits  given  daily  intravenous  injections  of  I'*'  labeled  /-thyroxine.  Two  rabbits 
were  deprived  of  water  for  two  days,  and  two  rabbits  were  deprived  of  food  for  two 
ilavs.  In  both  dehydrated  and  starved  rabbits  prompt  reduction  in  fecal  and  urinary 
radioiodine  excretion  occurred.  This  reduction  was  due,  at  least  in  part,  to  decreased 
excretion  of  iodide  from  degraded  thyroid  hormone  since  starved  and  dehydrated 
animals  were  found  to  have  high  red  cell  radioactivity  ami  increa.se  in  non-i)recipita- 
ble  io<line  in  the  plasma. 

During  the  course  of  a  pndiniinary  study  of  thyroxine  excretion  in  thyrodectomized 
rabbits  given  daily  injections  of  1*’*  labeled  Z-thyroxine  unexpected  variations  in  daily 
excretion  of  I*’*  were  encountered.  In  some  instances  decreased  I'*‘  excretion  appeared 
to  follow  occasions  in  which  the  water-bottle  had  been  allowed  to  run  dry,  or  had  ap¬ 
parently  leaked  and  it  seemed  reasonable  to  suppose  that  the  changes  noted  were  at 
least  in  part  related  to  dehydration.  I'*'  excretion  after  radiothyroxine  injection  was 
studied  therefore  during  a  period  of  deliberately  produced  dehydration.  Since  dehj’dra- 
tion  leads  to  voluntary  food  restriction  (1)  a  period  of  induced  starvation  was  also 
studied.  Although  only  four  rabbits  were  used  in  this  experiment,  the  results  are  so 
striking  that  they  are  believed  to  be  significant  and  are  presented  below. 

'  This  work  was  supported  in  part  by  United  States  Public  Health  Service  Grant 
B834  and  by  a  grant  from  the  ('oinmonwealth  Fund. 
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METHODS 

Four  adult  rabbits  of  “Dutch”  breed  weighing  between  1.4  and  1.8  kg.  were  maintained 
in  metabolism  cages  in  a  controlled  temperature  room  at  20  +  1°  C,  and  illuminated  by  con¬ 
stant  photo  periods.  Purina  (Juinea  Pig  ('how  and  tap  water  were  offered  ad  lib  except  as 
noted.  Total  thyroidectomy  was  carried  out  under  sodiumpentobarbital  anesthesia  a  week 
before  the  start  of  the  experiment.  Thereafter  a  maintenance  dose  of  /-thyroxine’*  of  10  jig. 
was  administered  daily. 

At  the  beginning  of  the  experiment  proper,  thyroxine  was  mixed  with  chromatograph- 
ically  pure  I'”  labeled  thyroxine’ so  that  the  daily  injection  of  one  ml.  contained  10  jiK  of  carrier 
thyroxine  labeled  with  I'’'-thyroxine,  and  this  was  administered  intravenously  once  daily 
immediately  after  the  end  of  the  24-hour  collection  jjeriod.  In  order  to  standardize  the  daily 
injection,  the  entire  lot  to  be  used  was  divided  on  the  first  day  and  frozen  in  vials  sufficient 
for  one  day’s  therapy.  Initially  the  daily  injection  contained  2  jiC  of  I '’'-thyroxine.  At  the  end 
of  each  collection  period  the  bladder  was  emptied  manually.  Radioactivity  counts  were  made 
of  urine,  feces,  ami  blood  with  appropriate  dilutions  and  constant  geometry  using  a  scintilla¬ 
tion  counter,  ('orrection  for  radioactivity  decay  was  made  by  comparison  with  a  standard 
solution. 


KESui/rs 

Daily  e.xcretioii  of  radioiodine  in  urine  and  feces  in  each  rabbit  an 
1-4).  Larg(>  spontaneous  variations  in  daily  exendion  were  noted  in  3 
ranging  from  55.4%  to  154.4%  after  the  third  day  of  the  collection 
above,  at  least  i)art  of  the  variations  ap¬ 
peared  to  be  related  to  accidental  change's 
in  water  intake.  \  two-day  ])eriod  of  water 
deprivation  was  then  imposed  on  Rabbits 
()2  and  6o.  \  two-day  period  of  food  de¬ 
privation  imposed  on  Rabbits  6'4  and  6'6‘. 

.Vdequate  water  was  allowed  starved  rab¬ 
bits,  adequate'  feroel  alloweel  thirsteel  rab¬ 
bits. 

The  elehyelrate'el  rabbits  showed  striking 
decrease  in  total  excretiem  of  I'”.  This  was 
associated  with  markeel  decrease  in  the 
actual  amount  eef  feces  and  urine.  In  Rab¬ 
bits  62  and  6o  fecal  excretieen  em  the  seceenel 
elay  of  elehyelration  fell  to  0%  and  1 .9% 
resi)ectivcly,  as  comparcel  with  an  average 
of  28.6%  and  35.8%  in  the  previous  nine 
elays.  The  first  three  days  were  not  consid¬ 
ered  because  it  takes  three  da\’s  for  well 
hydrated  rabbits  to  come  into  thyroxine 
equilibrium.  Urinary  excretion  on  the  sec¬ 
ond  day  of  dehydration  fell  to  15.4%  and 
16.5%  respectively,  as  compared  to  an  aver¬ 
age  excretion  of  61.1%  and  65.7%  in  the 
control  period. 

.Vfter  water  was  again  given,  there  was  a 


illustr 
of  the 
period. 


ated  (Fig. 
4  rabbits. 
As  noted 


O  W* 
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Fig.  1.  The  effect  of  a  two-clay-period 
of  dehydration  upon  the  fecal  and  urinary 
excretion  of  radioiodine  by  thj’roidecto- 
mized  rabbits  receiving  daily  injections  of 
I '’'-labeled  Z-thvroxinc. 


’  Obtained  through  the  courtesy  of  Dr.  L.  D.  Bechtol,  Travenol  Laboratorii's,  Mor¬ 
ton  drove,  Illinois. 

’  .Vbbot  Laboratories,  Oak  Ridge,  Teniu's.sce. 
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Fig.  2.  The  effect  of  a  two-day  period 
of  starvation  upon  the  fecal  and  urinary 
excretion  of  radioiodine  by  thyroidecto- 
inized  rabbits  receiving  daily  injections  of 
I'^'-labeled  /-thyroxine. 


ris»*  in  excretion  both  in  the  feces  and  the 
urine,  which  reached  102.2%  and  207.5% 
for  single  day  excretions  following  rehy¬ 
dra  tion. 

The  starved  rabbits  showed  similar 
though  less  marki'd  decreases  in  fecal  and 
urinary  radioiodine  excretion.  The  excre¬ 
tion  of  thyroxine  after  feeding  was  reinsti¬ 
tuted  was  not  followed  as  no  further 
(piantities  of  labeled  thyroxine  were  avail¬ 
able. 

In  order  to  gain  some  idea  as  to  whether 
the  decrease  in  1*’*  excretion  during  starva¬ 
tion  and  dehydration  was  a  con.sequence  of 
decreased  thyroxine  degradation,  or  de¬ 
creased  excretion  of  thyroxine  degradation 
products,  plasma  free  and  protein  bound 
I”*  was  determined  after  trichloracetic  acid 
precipitation.  Red  blood  cell  radioactivity 
was  also  determined  as  a  measure  of  diffusible  (Table  1).  Determinations  were  made 
in  the  dehydrated  animals  afti'r  5.3  hours  of  dehydration  and  29  hours  of  rehydration.  In 
the  starved  animals  determinations  were  made  before  and  29  hours  after  food  restriction. 
In  all  instances  specimens  were  obtaineil  five  hours  after  the  usual  daily  I'^'-thyroxine 
injection.  Hemoconcentration  was  noted  in  the  dehydrated  rabbits  as  compared  with 
tl«‘  normally  hydrated  animals.  Elevated  hematocrit  levels  fell  to  the  range  of  the 
normally  hydrated  animals  within  one  day  of  water  ad  libitum. 

There  are  too  few  observations  to  evaluate  the  significance  of  the  level  of  protein 
bound  D”,  but  there  were  no  consistent  differences  between  thirsted  and  non-thirsted 
animals.  More  striking,  however,  was  the  presence  of  large  amounts  of  I*”  in  the  red 
cells  of  dehydrated  rabbits  which  fell  markedly’  after  rehydration,  and  the  surprising 
finding  of  a  similar  increase  in  diffusible  I'^'  after  only  29  hours  of  food  restriction  in  the 
starved  animals.  Plasma  nonprecipitable  I'-’*  followed  the  same  trend  as  the  red  blood 
cell  radioiodine  but  the  magnitude  of  change  was  much  less. 

DISCUSSION 

These  observations  show  that  complete  water  or  food  restriction  in  rabbits  leads  to 
proinjit  and  striking  decrease  in  the  excretion  in  urine  and  feces  of  iodide  and  iodide- 
containing  substances  derived  from  thjToxine.  The  important  question  as  to  whether 
this  represents  a  decrease  in  thyroxine  degradation  rate,  or  a  decreased  excretion  of  the 
breakdown  products  of  thyroxine  degradation  cannot  be  answered  bj’  the  scant}'  data 
presented,  but  it  was  noted  that  the  decrease  in  excretion  was  associated  with  large  in¬ 
creases  of  diffusible  iodide  which  suggests  that  a  major  effect  is  a  decrease  in  the  ex(  re- 
tion  of  iodide  from  degraded  hormone. 

Fecal  excretion  of  I**'  after  the  injection  of  labeled  thyroxine  in  the  rabbit  normally 
amounts  to  about  35%  of  the  total  excretion.  If  enteral  excretion  in  the  rabbit  resembles 
that  of  the  rat  it  may  be  presumed  that  the  greater  part  of  this  is  thyroxine  or  con- 
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Tablk  1.  Hematocrit,  plasma  radioactivitv,  plasma  non-precipitable  iodine  and 

RED  BLOOD  CELL  RADIOACTIVITY  FOLLOWINO  RADIO-THYROXINE  INJECTION  IN 
DEHYDRATED  AND  STARVED  RABBITS 
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jugated  thyroxine  compounds.  Water  restriction  and  less  strikingly,  food  restriction, 
lead  to  a  marked  reduction  in  fecal  volume  and  an  associated  decrease  in  fecal  radio¬ 
iodine. 

No  data  are  available  on  the  enterohepatic  circulation  of  thyroxine  during  states  of 
.starvation  and  dehydration  but  Van  Middlesworth  (3)  has  recently  demonstrated  the 
importance  of  fecal  mass  in  the  rate  of  loss  of  thyroxine  from  the  body  of  the  rat.  This 
observation  is  po.ssiblj'  pertinent  to  the  mechanism  of  thyroid  inactivity  during  starva¬ 
tion  (cf.  1)  since  starvation  maj-  lead  to  conservation  of  available  thyroxine  supplies 
through  changes  in  fecal  volume.  That  this  is  not  the  only  mechanism  is  suggested  by 
the  fimling  of  low  serum  protein  bound  iodine  in  .starved  rats  (1). 

Marked  reduction  in  urinary  radioiodide  excretion  was  noted  following  both  dehydra¬ 
tion  and  starvation.  In  association  with  the  piling-up  of  diffusible  iodide  in  the  body  this 
reduction  suggests  a  decrease  in  renal  clearance  of  radioiodide.  Although  the  renal  mech¬ 
anism  for  iodide  excretion  has  not  been  studied  in  the  rabbit,  it  is  apparent  from  ex¬ 
periments  in  man  (4)  and  in  dogs  (5)  that  iodide  excretion  is  a  function  of  glomerular 
filtration  rate  which  is  presumablj"  decreased  in  dehydrated  rabbits  with  hemoconcen- 
tration.  Less  apparent  is  the  reason  for  accumulation  of  radioiodine  in  starved  animals, 
since  data  are  not  available  on  the  effects  of  acute  starvation  on  glomerular  filtration  rate 
in  the  rabbit.  It  should  be  noted,  however,  that  changes  in  glomerular  filtration  are 
readily  produced  in  the  rabbit  by  emotionall}'  disturbing  stimuli  (6).  It  may  be  that  the 
kidney  of  the  rabbit  responds  to  the  stress  of  starvation  in  a  similar  manner. 
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THE  ENDOCRINE  SOCIETY 
CITATIONS  FOR  THE  1958  AWARDS 
The  Endocrine  Medal 

Wliile  the  scientific  contributions  of  I.  Lyon  Chaikoff  have  by  no  means 
oeen  restricted  to  the  field  of  endocrinology,  it  is  therein  that  this  prolific 
and  many  faceted  investigator  has  had  the  greatest  influence.  He  was  born 
in  London,  England,  July  2,  1902.  He  grew  up,  however,  in  Toronto  and 
graduated  from  the  University  of  Toronto  in  1920  at  the  age  of  18.  Under 
the  direction  of  Profes.sor  J.  J.  R.  MacLeod  he  received  an  M.A.  in  1921 
and  a  Ph.D.  in  1924.  In  this  period  when  the  work  of  Banting  and  his  co¬ 
workers  burst  with  such  impact  upon  the  field  of  diabetes  he  carried  out 
pioneering  studies,  such  as  that  concerned  with  keto-acid  metabolism 
which  antiquated  the  concept  that  “fats  burn  in  the  fire  of  carbohydrate.” 
While  in  the  midst  of  these  studies  and  teaching  in  the  Physiology  Depart¬ 
ment,  he  paused  long  enough  to  acquire  an  M.D.  degree  In  1930  he  joined 
the  faculty  of  the  University  of  California  at  Berkeley  and  was  appointed 
.\ssistant  Professor  the  following  year.  In  1939  he  was  named  Associate 
Professor  and  has  lieen  Profes.sor  of  Physiology  since  1942.  In  1941  he  was 
awarded  a  fellowship  of  the  John  Simon  Guggenheim  Foundation. 

From  his  early  interest  in  the  metabolic  derangements  in  diabetes  and 
the  natural  light  that  they  shed  upon  normal  metabolism,  his  interests  have 
become  .so  broad  as  almost  to  defy  characterization.  From  atherosclerosis 
to  zinc  metabolism  he  has  pioneered  and  paved  numerous  pathways,  using 
the  methods  of  numerous  di.sciplines  and  the  spectrum  of  biological  ma¬ 
terial  from  algae  to  elephants.  It  is,  indeed,  difficult  to  find  an  important 
area  wherein  he  has  not  ranged  during  the  la.st  two  decades:  isotope  label¬ 
ing  and  tracer  theory,  lipotropic  agents,  carbohydrate,  lipid,  protein  and 
mineral  metabolism,  alcohol,  atherosclerosis,  radiation-biology,  carcino¬ 
genesis,  nutrition,  and  metabolic  antagonism,  to  cite  only  .some. 

Stemming  from  his  early  association  with  the  Toronto  investigators  has 
l)een  a  continued  and  productive  interest  in  diabetes  mellitus.  In  1952  his 
Harvey  Lecture  dealt  with  the  metabolic  defects  in  this  condition.  Al¬ 
though  his  contributions  to  our  understanding  of  intermediary  lipid,  carbo¬ 
hydrate,  and  protein  metabolism  in  the  normal  and  diabetic  would  more 
than  suffice  to  place  him  in  the  first  echelon  of  endocrine  investigators,  his 
activities  have  not  been  limited  to  that  large  area. 

His  observations  of  thyroid  structure,  chemistry,  and  function  have  over 
a  span  of  .slightly  less  than  twenty  years  become  major  stepping  stones  in 
the  path  toward  clarification  and  delineation  in  this  field.  Starting  with  a 
systematic  investigation  of  iodine  metabolism  in  the  thyroid,  using  the 
powerful  new  tool  of  radioactive  iodine  and  more  sophisticated  methods 
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of  iodine  microchemistry,  he  has  continued  to  maintain  and  extend  these 
contributions  up  to  the  present  time. 

In  addition  to  the  interest  in  the  thyroid  and  pancreatic  islets  his  endo¬ 
crine  endeavors  have  encompassed  cytology,  oncology,  and  physiology  of 
the  anterior  pituitary;  the  endocrine  hypothalamus;  lactation;  and  gonadal 
and  adrenal  steroid  metabolism  and  their  relation  to  atherogenesis,  fatty 
liver,  and  cirrhosis.  His  work  has  been  characterized  not  only  l)y  high  qual¬ 
ity,  fundamental  character,  and  universal  acceptance,  but  also  by  its  wide 
diversity  of  area,  interest,  technique,  and  approach. 

The  Endocrine  Society  finds  it  an  honor  to  recognize  such  a  distinguished 
investigator. 

The  Ciba  Aw  ard 


Dr.  Monte  Arnold  Greer  has  been  awarded  the  Ciba  Award  for  19.58  in 
recognition  of  10  years  of  distinguished  research.  He  was  born  in  Portland, 
Oregon,  on  October  26,  1922,  and  after  attending  Stanford  University  and 
its  medical  school,  began  a  career  of  investigation  at  the  age  of  24.  His 
aptitude  and  imaginative  approach  were  (juickly  recognized  and  led  to  a 
sequence  of  increasingly  important  appointments  in  several  institutions, 
including  the  New  England  Center  Hospital  and  Tufts  University  School 
of  Medicine,  the  Evans  Memorial  Hospital  and  Boston  University  School 
of  Medicine,  the  National  Cancer  Institute  and  George  Washington  Uni¬ 
versity  School  of  Medicine,  the  Radioisotope  Service  of  the  Veterans  Ad- 
mini.stration  Hospital  in  Long  Beach,  California,  and,  finally,  in  his  own 
home  town  to  the  appointment  of  Associate  Professor  of  Medicine  in  the 
University  of  Oregon  Medical  School. 

The  major  accomplishments  of  Dr.  Greer  have  included  the  determina¬ 
tion  of  the  chemical  nature  of  an  antithyroid  agent  in  foods,  the  control  of 
simple  goiter  with  thyroid  administration,  and  the  hypothalamic  regula¬ 
tion  of  anterior  pituitary  .secretion.  He  has  de.scribed  his  carefully  conduct¬ 
ed  experiments  on  these  and  related  topics  in  some  .50  well-written  papers. 

The  antithyroid  action  of  a  large  number  of  foods  was  surveyed  by  de¬ 
termining  their  interference  with  the  accumulation  of  radioactiv’e  iodine 
by  the  human  thyroid.  The  potency  of  the  brassica  family  of  plants  was 
noted,  and  rutabaga  was  chosen  for  chemical  study.  He  then  participated 
in  the  isolation  of  the  antithyroid  agent  and  in  its  identification  as  L-.5- 
vinylthiooxazolidone.  He  has  recently  isolated  and  identified  the  naturally 
occurring  precursor,  progoitrin,  a  gluco.side  which  is  enzymatically  cyclized 
to  the  active  oxazolidone  when  the  raw  food  is  crushed.  This  .solution  of 
a  long-standing  problem  contributes  importantly  to  an  understanding  of 
the  influence  of  foods  on  the  thyroid  gland  and  of  the  entire  problem  of 
goiter. 

Dr.  Greer’s  much-quoted  study  demonstrating  the  suppressive  effects 
on  thyroid  function  in  normal  individuals  of  orally  administered  thyroid 


June,  lOoS 


THE  ENDOCRINE  SOCIETY 


s:.') 

extract  provided  a  scientific  rationale  for  the  successful  use  of  thyroid  to 
produce  regression  of  non-toxic  goiters  and  thyroid  nodules.  Additionally, 
his  findings  that  the  thyroid  gland  of  thyrotoxic  individuals  resisted  func¬ 
tional  suppression  by  thyroid  administration  provided  a  useful  and  widely 
used  diagnostic  procedure  for  thyrotoxicosis. 

A  clear  demonstration  of  the  hypothalamic  control  of  thyrotropin  secre¬ 
tion  resulted  from  studies  on  the  effects  of  hypothalamic  lesions  and  the 
location  of  the  controlling  area  was  described.  The  goitrogenic  effects  of 
antithyroid  compounds  were  eliminated  by  effectiv’e  lesions,  and  the  center 
for  thyrotropin  control  was  shown  to  be  different  from  those  concerned 
with  corticotropin  and  gonadotropin  secretion  and  those  related  to  obesity 
or  emaciation.  Dr.  Greer  was  also  the  first  to  provide  evidence  for  a 
“drinking  center”  in  the  hypothalamus,  and  he  further  showed  that  the 
state  of  persistent  estrus  due  to  hypothalamic  lesions  was  corrected  by 
chronic  administration  of  progesterone. 

Dr.  Greer’s  impressive  achievements  in  endocrine  research,  and  his  con¬ 
tinuing  productivity  make  him  an  outstanding  recipient  of  the  Giba  .\ward. 

Upjohn  Scholar 

Dr.  William  Peter  Upritchard  Jackson  has  been  named  Upjohn  Scholar 
of  the  Endocrine  Society  for  1958  to  permit  him  travel  in  the  United  States. 
Dr.  Jackson,  born  in  England  in  1919,  graduated  with  honors  from  Cam¬ 
bridge  University  and  received  his  medical  training  there  and  at  the  Lon¬ 
don  Hospital.  Nine  years  ago  he  went  to  South  Africa  where  he  now  holds 
the  posts  of  Senior  Lecturer  in  the  Department  of  Medicine  and  Fellow 
of  the  University  of  Cape  Town,  Physician  and  Deputy  Head  of  the 
Groote  Schuur  Hospital,  Chief  of  the  Endocrine  Clinic  and  Endocrine 
Research  Laboratories,  and  Assistant  Director  of  the  Council  of  Scientific 
and  Industrial  Research.  His  contributions  to  clinical  medicine  and  espe¬ 
cially  to  endocrine  and  metabolic  diseases,  prediabetes,  calcium  and  phos¬ 
phorus  metabolism,  and  nutrition,  as  well  as  his  broad  interests  in  the 
out-of-doors,  insure  that  his  visits  here  will  be  profitable  both  to  him  and  to 
us. 

SPHERING  S(’HOLAR 

Dr.  Roy  Orval  Greep,  Editor  of  Endocrinology  for  the  past  six  years, 
was  born  in  Longford,  Kansas,  in  1905,  giving  prominence  to  a  region  which 
was  later  to  be  identified  also  with  Abilene.  After  graduation  from  Kansas 
State  College  he  obtained  M.A.  and  Ph.D.  degrees  from  Wisconsin.  From 
1935  to  1938  he  was  Assistant  and  Instructor  in  Zoology  in  the  Biological 
Laboratories  at  Harvard,  and  after  six  years  of  research  at  the  Squibb 
Institute  of  Medical  Researcli  returned  to  head  research  at  Harvard’s 
new  School  of  Dental  .Medicine.  Currently  he  surmounts  the  several  posts 
of  Professor  of  Anatomy  and  Dean  of  the  School  of  Dental  Medicine  an  I 
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Acting  Head  of  the  Department  of  Anatomy  at  the  Medical  School.  The 
broad  scope  of  Dr.  Creep’s  contributions  to  endocrinology  range  over  the 
anterior  and  posterior  pituitary  hormones,  the  hormones  bearing  upon 
reproduction,  and  tho.se  of  the  parathyroids,  adrenals,  and  pancreas.  He 
was  the  first  to  establish  that  thyrotropin  and  luteinizing  hormone  are 
.separable,  that  the  thyroid  can  be  activated  by  means  other  than  thyro¬ 
tropin,  that  full  function  can  follow  transplantation  of  the  anterior  pitui¬ 
tary  provided  the  graft  is  made  in  the  normal  position  of  this  gland,  and 
that  the  adrenal  cortex  is  indeed  two  anatomically  and  functionally  di.s- 
tinct  glands. 

Dr.  Creep  plans  to  undertake  what  he  describes  as  “an  endocrinologic 
refueling  operation”  by  visiting  Univ'ersities,  laboratories,  and  European 
cities  (including  Paris)  and  the  Endocrine  Society  feels  it  a  privilege  to 
contribute  to  this  prai.seworthy  undertaking  by  making  him  the  Schering 
Scholar  for  Ifi.iS. 

ERRATUM 

In  the  article  by  A.  ,1.  Lo.stroh  and  P.  Woodward  appearing  in  Endo¬ 
crinology  6.^(4)  :498-50.5,  19.58  (April  i.s.sue),  the  letter  labeling  of  three 
figures  on  page  .501  should  be  changed  as  follows:  C  should  be  labeled  E, 
1)  should  be  labeled  C,  and  E  .should  be  labeled  1). 
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“A.  P.  L/’  therapy  in  cryptorchidism  is 
now  considered'  at  an  earlier  age 


PRESENT  TREND  ALSO  FAVORS  HIGHER  DOSAGES 
THAN  PREVIOUSLY  EMPLOYED 


There  are  widely  divergent  views  on  the 
management  of  cryptorchidism.  However, 
many  practitioners  now  believe  that  an  early 
descent  of  the  testes  is  essential  if  sperma¬ 
togenesis  is  to  be  preserved.  Furthermore, 
higher  doses  than  formerly  used  are  now 
recommended  on  the  basis  that  these  will 
produce  a  greater  incidence  of  satisfactory 
responses.*  In  a  recent  issue  of  the  Journal 
of  the  American  Medical  Association,  an 
editorial  suggested  a  therapeutic  trial  with 
chorionic  gonadotropin  when  there  is  evi¬ 
dence  of  testicular  hormone  deficiency^ 
such  as  obesity,  signs  of  feminism  or  en¬ 
larged  breasts. 

In  the  treatment  of  cryptorchidism, 
**A.P.L.”  can  he  used . . . 

Diagnostically,  because  failure  to  respond 
to  a  full  course  of  *A.  P.  L."  therapy  may 
indicate  an  anatomic  obstruction.* 

Definitively,  because  in  both  unilateral  and 
bilateral  cryptorchidism  a  significant  per¬ 
centage  of  testes  will  descend  following 
treatment  with  “AJ’X." 


Postoperatively,  because  follow-up  therapy 
with  “APX.”  may  prevent  retraction  of  the 
testes. 
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cation  for  the  immediate  withdrawal  of  treatment. 
After  regression  of  undue  development,  reduced  dosage 
regimen  may  be  resumed. 

Availability: 
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Preoperatively,  because  “A.P.L.”  will  usu¬ 
ally  facilitate  orchiopexy  by  lengthening  the 
cords  and  enlarging  the  testes.^ 


effective 
progestational 
therapy 

N  RLUTIN 

(nort*thindrone,  Paike-Oavis) 

When  progestational  proliferation  of  the  enclometriuin  is  inadecpiate  for  ovum  nidation,  conception 
cannot  occur.  In  such  cases  of  infertility,  progestational  therapy  with  NORLUTIN  during  the  latter 
half  of  the  cycle  often  produces  clinically  desirable  results.  Through  endometrial  improvement  the 
po  ability  of  conception  is  greatly  enhanced. 

CASE  STUDIES* 

NOHLUTIN  or  a  congener  wa.s  given  to  50  infertile  patients  daily  from  the  fifth  to  the  twenty-fifth  day  of 
tli<  ir  cycles.  Within  five  months  of  their  last  treated  cycles,  seven  women  conceived.  VV'hile  two  of  these 
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irp  Milarity,  functional  uterine  bleeding,  endocrine  infertility,  habitual  abortion,  threatened  abortion,  pre- 
ir.'  istnial  tension,  and  dysmenorrhea. 

PA  tsAGiNQ:  5-ntg.  scored  tablets  (C.  T.  No.  882),  bottles  of  30. 

’t'  J.;  Pincus,  G..  &  Garci.i.  C.  R.:  Scirnrr  124:891  (Nov.  2)  19.56. 
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IN  ihis  sound  and  well-regarded  work.  Dr.  SofiFer  presents  a  detailed  account 
of  the  physiological  considerations  and  various  endocrine  diseases  met  in  daily 
practice.  The  text  covers  all  clinical  syndromes  and  their  complete  manage¬ 
ment,  including  the  currently  accepted  tests  of  endocrine  function.  Every  point, 
every  phase  of  diagnosis  and  treatment,  is  taken  up  clearly,  with  instructions  on 
what  to  look  for,  what  you  may  find,  what  to  do,  how  and  when  to  do  it,  and  the 
results  you  may  expect.  The  physiological  considerations  have  been  explored 
thoroughly  in  practical,  comprehensive  discussions. 

Second  Edition 

For  the  second  edition  Dr.  SofEer  has  revised  the  text  matter  page 
by  page  and  brought  his  work  fully  up  to  date.  The  new  material 
reflects  the  considerable  progress  Aat  has  been  made  in  this  field 
since  the  publication  of  the  previous  edition.  There  are  many  new 
illustrations. 

The  book  is  based  on  Dr.  SoflFer’s  extensive  clinical  and  laboratory  experience. 
This  edition  has  again  been  written  with  the  assistance  of  Dr.  J.  Lester  Gabrilove 
and  Dr.  Arthur  R.  Sohval.  The  final  chapter,  on  Laboratory  Tests  of  Endocrine 
Function,  gives  complete  instructions  on  methods  of  making  and  understanding 
results  of  all  currently  available  endocrine  tests.  An  unusually  wide  selection  of 
bibliographic  data  permits  extensive  further  reading  on  the  subjects.  Clinicians, 
endocrinologists,  practicing  physicians,  internists,  pathologists,  physiologists  and 
medical  students  will  find  this  book  an  invaluable  aid  for  study  and  reference. 

2nd  Edition.  1032  Pages.  102  Illustrations  and  3  Plates  in  Color. 

28  Tables.  $16.50. 
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